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1 3.  ABSTRACT  (Maximum  200  words) 


Results  of  measurements  on  a  high-latitude,  near-vertical-incidence,  HP  skywave  channel  are  presented.  The  measuremenU  are 
for  a  time  period  (May  1988),  roughly  two  years  after  the  peak  of  solar  cycle  #22,  when  the  mean  sunspot  number  was  85.  The 
measurement  periods  include  day,  afternoon,  night,  and  early  morning  times  and  cover  a  wide  range  of  geomagnetic  disturbance 
conditions.  Signal  amplitude,  delay-spread  and  Doppler-spread  are  the  channel  characteristics  of  primary  interest.  The  correlation  of 
these  channel  characteristics  with  geomagnetic  activity  and  with  the  position  of  the  propagation  path  relative  to  selected  regions  of 
the  auroral  zone  are  examined.  lonogram  characteristics  for  all  measurements  are  briefly  reviewed  in  light  of  geomagnetic  and 
geographic  factors.  Four  selected  cases,  representative  of  magnetically  quiet  daytime  conditions,  magnetically  active  daytime 
conditions,  magnetically  quiet  nighttime  conditions,  and  magnetically  active  nighttime  conditions  are  examined  in  detail.  The 
measurement  results  indicate  that,  depending  on  geomagnetic  and  geographic  factors,  the  received  signals  may  be  the  result  of  simple 
reflection  from  a  smoothly  varying  ionosphere,  multipath  reflection  from  an  irregular  ionosphere,  or  scattering  (or  a  combination  of 
multipath  reflection  and  scattering)  from  an  irregular  ionosphere.  Signals  for  the  four  groups  are  shown  to  be  readily  distinguishable 
on  the  basis  of  their  characteristics  and  provide  an  estimate  of  the  range  of  values  of  Doppler-spread  and  spread-faetor  that  may  be 
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CHANNEL  SPREAD  PARAMETERS  FOR  THE  HIGH-LATITUDE, 
NEAR-VERTICAL-INCIDENCE-SKYWAVE  HE  CHANNEL: 
CORRELATION  WITH  GEOMAGNETIC  ACTIVITY 


1.  INTRODUCTION 

This  report  describes  channel  measurements  made  on  a  high-latitude,  near-vertical-incidence,  HF 
skywave  channel.  Because  the  high-latitude  regions  are  more  frequently  and  more  severely  disturbed 
than  are  the  middle-  and  equatorial-latitude  regions,  they  present  a  special  challenge  to  high- 
frequency  (HF)  radio  systems.  The  high-latitude  channel  can  be  subdivided  into  three  main  regions: 
the  polar  cap,  the  auroral  oval,*  and  the  high-latitude  region  lying  equatorward  of  the  auroral  oval 
(hereafter  referred  to  as  the  subauroral  region).  The  subauroral  region  includes  the  daytime  diffuse 
auroral  region  and  the  nighttime  ionospheric  trough  region.  The  location  of  these  measurements 
(Fairbanks,  Alaska)  was  selected  because  its  latitude  places  it  in  proximity  to  the  auroral  oval. 

The  primary  focus  of  this  investigation  is  the  one-hop  F2  (1F2)  near-vertical-incidence-skywave 
(NVIS)  HF  radio  channel.  The  channel  parameters  of  primary  concern  are  signal  amplitude,  delay- 
spread,  Doppler-spread,  and  channel  spread  factor.  These  parameters  are  all  derivable  from  the 
channel  scattering  function  (Bello  1963;  Stein  1987).  Signal  amplitude  is  defined  here  as  the  peak 
value  of  the  channel  scattering  function,  in  decibels,  measured  relative  to  an  arbitrary  but  fixed 
reference.  The  delay-spread  and  Doppler-spread  parameters  are  each  expressed  in  terms  of  a  "20" 
value,  which  is  defined  as  twice  the  rms  spread  of  delay  or  Doppler  shift  about  its  mean  value.  The 
chantiel  spread  factor  is  defined  as  the  product  of  the  2o  values  of  the  delay-  and  Doppler-spreads. 
Other  factors  that  are  considered,  but  are  not  the  main  subject  of  this  report,  include  the 
characteristics  of  the  sporadic  E  channel  and  the  conditions  under  which  blanketing  sporadic  E  and 
enhanced  auroral  absorption  are  observed. 

Channel  conditions  are  expected  to  be  most  formidable  at  dusk  and  at  night.  Magnetically  quiet 
daytime  periods  are  usually  characterized  by  a  strong  and  frequently  dominant  FI  layer  (Bates  and 
Hunsucker  1974)  that  causes  enhanced  delay  and  delay  dispersion  of  the  F2  layer  return,  but  does 
not  otherwise  seriously  impede  HF  communication.  As  is  demonstrated  in  this  report,  magnetically 
disturbed  daytime  conditions  may  be  accompanied  by  disruptive  effects  on  the  channel  such  as 
enhanced  absorption,  caused  by  enhanced  D  layer  ionization,  and  signal  multipath  and  scatter,  caused 
by  irregularities  in  the  ionospheric  F  layer  (spread  F). 

Channel  parameters  are  evaluated  for  a  range  of  conditions  including  (1)  optimal  daytime 
conditions,  (2)  magnetically  disturbed  daytime  conditions,  (3)  magnetically  quiet  nighttime 
conditions,  and  (4)  magnetically  disturbed  nighttime  conditions.  The  cases  considered  here  should 
provide  reasonable  bounds  on  the  expected  range  of  the  spread  parameters  for  this  path  and  for  the 
conditions  of  the  measurement  (i.e.,  season  and  phase  of  the  solar  cycle).  A  more  comprehensive 
characterization  of  the  channel  requires  additional  measurements  at  other  locations,  during  other 
seasons,  and  at  other  periods  of  the  solar  cycle. 


Manuscript  approved  March  15,  1995. 

*In  this  report,  the  term  auroral  oval  refers  to  the  region  of  frequently  observed  optical  aurora  as  defined  by  Feldstein  and 
Starkov  (1967). 
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2.  BACKGROUND 

Nominal  representations  of  the  geometry  of  the  northern  high-latitude  region  in  corrected 
geomagnetic  latitude  (CGL)  and  corrected  geomagnetic  local  time  (CGLT)  as  a  function  of 
magnetospheric  disturbance  index  Q  have  been  presented  by  Whalen  (1970)  and  by  Gerson*  based 
on  prior  work  by  Feldstein  (1966)  and  Feldstein  and  Starkov  (1967).  Geographic  features  in  this 
representation  include  the  polar  cap,  the  auroral  oval,  the  diffuse  auroral  region,  and  the  nighttime  F 
layer  trough  region  (Fig.  1).  This  section  briefly  describes  each  of  these  regions.  Hunsucker  (1992) 
provides  additional  discussions  of  the  region,  including  an  extensive  bibliography,  in  a  mini-review 
paper. 

The  polar  cap  is  the  region  of  the  ionosphere  lying  poleward  of  the  auroral  oval.  Under  the 
influence  of  magnetospherically  generated  cross-polar  electric  fields,  F  layer  plasma  convects  across 
the  polar  cap  from  the  noon  to  the  midnight  sector  and  returns  via  the  morning  and  evening  sectors, 
forming  a  large  scale,  two-cell  convection  pattern  (Knudsen  1974;  Spiro  et  al.  1978;  Heelis  1982) 
that  extends  into  and  below  the  auroral  oval.  The  main  sources  of  F  region  ionization  in  the  polar 
cap  are  solar  photons,  at  its  sunlit  edge,  collision-generated  ionization  caused  by  electron 
precipitation  within  the  cap  (Weber  and  Buchau  1981;  Buchau  et  al.  1983),  and  plasma  from  lower 
latitude  regions,  which  is  transported  into  the  polar  cap  by  the  aforementioned  convection  process 
(Buchau  et  al.  1983;  Buchau  et  al.  1985;  Tsunoda  1988).  In  addition,  high-energy  solar  protons, 
released  during  strong  solar  flares,  can  enter  the  polar  cap  region  of  the  Earth's  atmosphere,  causing 
enhanced  D  layer  ionization  and  associated  polar  cap  absorption  and  radio  "blackout." 

The  northern  auroral  oval  (Feldstein  1966;  Feldstein  and  Starkov  1967)  is  asymmetrically 
distributed  about  the  North  Magnetic  Pole.  The  noon  sector  forms  a  narrow  latitudinal  strip  centered 
on  a  geomagnetic  latitude  of  approximately  75°,  while  the  midnight  sector  is  generally  much  wider 
and  centered  at  a  lower  magnetic  latitude  (between  65°  and  70°).  The  shape  and  the  latitudinal 
dispersion  of  the  auroral  oval  depends  on  the  disturbance  index  Q.  During  magnetically  disturbed 
conditions,  the  oval  expands,  with  the  major  expansion  effects  occurring  at  the  nightside,  equatorward 
edge  of  the  oval.  Figure  1  shows  the  geometry  for  a  magnetospheric  disturbance  index  Q  =  3, 
corresponding  to  magnetically  active  disturbance  conditions.  Magnetospheric  substorm  conditions 
are  usually  characterized  by  disturbance  indices  in  excess  of  4. 

Auroral  region  F  layer  ionization  is  a  combination  of  photoionization  from  direct  solar 
illumination,  collision-produced  ionization  from  electrons  streaming  down  geomagnetic  field  lines, 
and  strong  plasma  blobs  that  enter  the  auroral  region  from  the  midnight  sector  of  the  polar  cap 
(Robinson  et  al.  1985;  Tsunoda  1988).  The  latter  two  are  the  dominant  factors  in  the  winter, 
nighttime  auroral  ionosphere  and  give  it  its  unique  character. 

Familiar  effects  of  enhanced  electron  precipitation  are  (1)  the  visual  aurora,  (2)  increased 
electron  density  at  D,  E,  and  F  layer  heights,  (3)  enhanced  auroral  radiowave  absorption,  and  (4) 
enhanced  E  layer  electric  currents  (the  auroral  electrojet)  and  associated  geomagnetic  field 
perturbations.  The  ultimate  source  of  the  ionizing  electrons  is  the  solar  wind.  Their  entry  into  the 
Earth’s  atmosphere  depends  on  a  complicated  interaction  between  the  solar  wind  magnetoplasma 


*Gerson  has  prepared  a  set  of  polar  projection  maps  of  the  north  polar  region  with  plastic  overlays  depicting  the 
nominal  positions  of  the  auroral  oval,  F  region  trough,  and  diffuse  absorption  region  versus  CGLT  for  several  Q 
values.  These  are  based  on  the  work  of  Feldstein  and  Starkov  (1967)  and  of  Whalen  (1970).  Copies  of  these  can  be 
obtained  by  writing  to  Dr.  Gerson  at  the  following  address:  Dr.  N.  Gerson,  9800  Savage  Rd.,  Fort  George  G.  Meade, 
MD  20755. 
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Fig.  1  —  Map  of  the  northern  high-latitude  region  in  polar  projection  about 
the  North  Magnetic  Pole  depicting  important  features  of  the  region 

and  the  terrestrial  magnetosphere.  The  intensity  of  this  electron  precipitation  source  and  of  all  its 
manifestations  increases  with  magnetospheric  substorm  activity.  Magnetic  activity  is  a  general 
indicator  of  substorm  activity  and,  in  many  cases,  is  a  direct  indicator  of  precipitation  activity. 

Electron  precipitation  entering  the  auroral  oval  is  associated  with  dayside  geomagnetic  flux  tubes 
located  poleward  of  the  plasmapause  that  merge  with  southward  pointing  field  lines  of  the  solar 
interplanetary  magnetic  field  and  become  entrained  in  the  two-cell  polar  convection  pattern.  The 
merged  field  lines  are  swept  across  the  polar  cap  and  stretched  deep  into  the  magnetotail  region, 
where  they  reconnect  with  the  geomagnetic  field  from  the  opposite  polar  region.  The  reconnected 
field  lines  then  "snap  back"  and  merge  with  the  closed  field  lines  of  the  outer  magnetosphere  (the 
plasma  sheet)  and  convect  back  to  the  dayside  high-latitude  region  via  the  dawn  and  dusk  sectors. 

Electron  energies  vary  depending  on  their  source  region  (Whalen  1985).  The  lowest  energy 
electrons  (~0.1  keV)  originate  within  the  magnetosheath  and  represent  solar  wind  particles  that  gain 
direct  entry  to  the  Earth's  atmosphere  via  geomagnetic  field  lines  that  have  merged  with  the 
interplanetary  magnetic  field  lines  of  the  solar  wind.  This  is  the  electron  energy  range  that 
contributes  directly  to  F  layer  ionization.  Electrons  of  energy  in  the  range  1  to  10  keV  originate 
within  the  plasma  sheet  and  are  responsible  for  E  layer  ionization.  Energy  extracted  from 
magnetospheric  field  lines  during  reconnection  and  "snap-back"  is  believed  to  be  the  energy  source 
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for  electrons  in  the  1  to  10  keV  range.  Electrons  of  energy  greater  than  40  keV  are  believed  to  have 
their  source  in  the  high  energy  trapping  region  of  the  closed-field-line  magnetosphere  (the  Van 
Allen  belt).  The  source  of  the  Van  Allen  belt  electrons  is  also  the  solar  wind,  via  the  intermediary 
stage  of  the  plasma  sheet.  The  mechanism  for  accelerating  electrons  to  and  above  the  40  keV  level  is 
not  well  understood.  Electrons  of  energy  higher  than  40  keV  are  responsible  for  D  layer  ionization 
and  associated  radiowave  absorption. 

The  deposition  height  and  density  of  collision  produced  ionization  depends  on  the  energy  and 
the  flux  of  the  precipitating  electrons.  These  are  highly  variable,  depending  on  conditions  in  the 
local  interplanetary  medium  and  ultimately  on  conditions  on  the  Sun.  This  variability,  along  with 
that  of  the  direction  of  the  interplanetary  magnetic  field,  gives  the  auroral  ionosphere  its 
unpredictable  and  rapidly  changing  character. 

Auroral  effects  are  classified  as  discrete  or  diffuse  based  on  their  temporal  and  spatial 
characteristics  (Hartz  and  Brice  1967;  Whalen  1985).  This  includes  all  observed  effects  including 
optical  emissions,  electron  precipitation  events,  magnetic  disturbances,  absorption  effects,  and  electron 
density  changes.  Discrete  auroral  effects  are  observed  to  occur  most  frequently  at  night  with  a  broad 
maximum  centered  about  2200  CGLT,  while  diffuse  effects  are  fairly  widespread  in  magnetic  local 
time  but  are  primarily  a  morning  pheomenon  with  a  broad  peak  centered  on  0800  CGLT  (Hartz  and 
Brice  1967).  The  discrete  aurora  is  generally  structured,  dynamic,  and  optically  bright,  while  the 
diffuse  aurora  is  spatially  diffuse,  slowly  varying,  and  optically  faint.  Presumably  the  discrete  aurora 
is  associated  with  electron  precipitation  events  that  are  a  prompt  response  to  chaotic  events  in  the 
storm-time  solar  wind,  while  the  diffuse  aurora  is  related  to  precipitation  events  that  have  been 
buffered  in  the  closed-field-line  ion  reservoir  of  the  plasma  sheet  and  dispersed  spatially  and 
temporally  in  the  process. 

The  three  energy  groups  (-0.1  keV,  1  to  10  keV,  and  >40  keV)  are  represented  in  both  the 
discrete  and  the  diffuse  aurora  but  the  latitude-time  sectors  that  they  affect  are  different  (Whalen 
1985).  The  effects  of  the  low-energy  electrons  (~0.1  keV)  for  both  the  discrete  and  the  diffuse 
aurora  are  confined  primarily  to  the  auroral  oval  F  layer.  For  the  1  to  10  keV  electrons,  which  are 
responsible  for  E  layer  effects,  the  area  affected  by  the  discrete  aurora  is  confined  to  the  auroral 
oval,  while  that  affected  by  the  diffuse  aurora  overlaps  the  oval  on  the  nightside  but  lies  just 
equatorward  of  the  oval  on  the  dayside.  In  the  high-energy  domain  (>40  keV),  the  discrete  aurora  is 
confined  to  the  nightside  oval  while  the  diffuse  aurora  is  found  in  an  annular  region  between 
approximately  60°  and  66°  geomagnetic  latitude.  The  high-energy  diffuse  aurora  overlaps  the  oval 
on  the  nightside  but  is  located  approximately  10°  below  the  equatorward-edge  of  the  oval  on  the 
dayside.  The  high-energy  diffuse  aurora  affects  primarily  the  ionospheric  D  layer  and  is  responsible 
for  enhanced  auroral  absorption. 

The  diffuse  aurora  is  present  during  quiet  magnetic  conditions  as  well  as  disturbed  conditions, 
while  the  discrete  aurora  is  primarily  a  disturbance  phenomenon.  Both  are  intensified  during 
magnetospheric  substorms.  During  severe  substorms,  auroral  absorption  can  be  strong  enough  to 
cause  extended  periods  of  radio  "blackout,"  provided  the  radio  propagation  path  pierces  the  D  layer 
in  regions  of  enhanced  D  layer  ionization. 

The  nighttime,  midlatitude,  ionospheric  trough  is  a  region  of  depressed  F  layer  electron  density 
occupying  several  degrees  of  latitude  just  equatorward  of  the  auroral  oval  (Muldrew  1965;  Sharp 
1966;  Knudsen  1974;  Spiro  et  al.  1978)  and  extending  from  roughly  the  location  of  the  solar 
terminator  to  approximately  2  to  4  hours  past  the  midnight  magnetic  meridian.  Aside  from  a 
diminished  maximum  usable  frequency  (MUF),  the  trough  region  is  characterized  by  a  very  steep 
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electron  density  gradient  at  its  boundary  with  the  auroral  oval  (Sharp  1966;  Spiro  et  al.  1978).  This 
gradient  can  be  significant  in  terms  of  fostering  instabilities  leading  to  plasma  irregularities  and 
associated  radiowave  scattering  phenomena. 

The  major  factors  contributing  to  the  formation  of  the  F  layer  trough  are  the  opposing  effects  of 
(1)  the  eastward  atmospheric  corotation  with  the  Earth  and  (2)  the  westward  polar-cap  plasma 
convection  on  the  evening/nightside  of  the  Earth  (Knudsen  1974;  Spiro  et  al.  1978).  In  a  narrow 
range  of  latitudes  corresponding  to  the  trough,  these  motions  cancel  one  another  with  the  result  that 
the  associated  plasma  is  in  darkness  for  an  extended  period  of  time  causing  a  reduction  in  ionization 
density  by  normal  recombination  processes.  The  width  and  depth  of  the  trough  has  been  observed  to 
vary  inversely  with  the  intensity  of  the  flux  of  precipitating  electrons  of  energy  less  than  80  eV 
(Sharp  1966).  Similarly,  it  is  expected  that  the  width  and  depth  of  the  trough  will  show  a  seasonal 
dependence  because  of  the  strong  seasonal  variation  of  the  number  of  daylight  hours  at  high 
latitudes.  Finally,  it  should  be  mentioned  that  the  existence  of  a  well-structured,  two-cell  convection 
pattern,  and  as  a  consequence  that  of  the  trough,  is  dependent  upon  a  southward  pointing  magnetic 
field  component  in  the  solar  wind  magnetoplasma  (Heelis  1982).  Furthermore,  the  position,  size,  and 
depth  of  the  trough  are  dependent  on  the  magnitude  of  the  cross-polar  electric  field,  which  depends 
on  the  solar  wind  speed  (Spiro  et  al.  1978). 

The  high-latitude  ionosphere  exhibits  a  strong  seasonal  variation  because  of  the  effects  of 
changes  in  solar  zenith  angle.  Similarly,  the  solar  cycle  has  a  major  impact  on  the  level  of  solar 
ultraviolet  radiation  that  reaches  the  Earth  and  on  the  frequency  and  intensity  of  solar  flares.  It  is 
therefore  anticipated  that  the  season  and  the  phase  of  the  solar  cycle  will  have  a  major  impact  on  the 
character  of  the  high-latitude  ionosphere.  The  investigation  reported  here  was  limited  to  data 
acquired  during  a  single  season  (spring)  and  year  (1988). 

3.  EXPERIMENT  CONDITIONS 

The  data  presented  in  this  report  were  collected  on  an  80  km  east-west  path  in  the  vicinity  of 
Fairbanks,  Alaska  (Fig.  2)  during  mid-May  of  1988.  The  geographic  coordinates  of  the  midpath 
point  were  64.87°  N  and  146.83°  W.  The  measurement  period  came  approximately  two  years  after 
solar  minimum  of  solar  cycle  22.  It  was  marked  by  a  solar  sunspot  index  of  approximately  85  and 
by  active  magnetic  conditions,  including  eight  days  during  the  month  of  May  that  were  affected  by 
strong  magnetospheric  substorms.  Table  1  summarizes  the  measurement  times  and  applicable 
geomagnetic  conditions.  The  columns  of  the  table  refer  to  the  eight  (8)  three-hour  subdivisions  of 
each  universal  time  (UT)  day.  The  rows  represent  UT  days  of  the  month  encompassing  the 
measurement  period.  Two  indices  of  magnetic  activity,  Kp  and  K,  are  specified  in  the  table.  Kp  is  a 
planetary  index  obtained  by  averaging  measured  activity  indices  from  a  globally  distributed  group  of 
magnetic  observatories,  while  K  is  a  locally  measured  index  in  Alaska.  Since  substorm  activity  is  a 
global  phenomenon,  a  planetary  index  is  appropriate  to  its  description.  Locally  measured  K  indices, 
however,  frequently  correlate  better  with  locally  measured  disturbance  phenomena. 

The  corrected  geomagnetic  latitude  of  the  midpath  point  is  65°  N.  This  path  is  either  subauroral 
or  auroral*  depending  on  the  time  of  day  and  the  degree  of  magnetic  activity.  During  the  daytime, 
the  path  is  subauroral.  During  late  evening  to  postmidnight  hours,  the  path  lies  in  the  nighttime 
auroral  oval  or  the  ionospheric  trough  region  depending  on  magnetic  activity.  For  a  planetary 
magnetic  activity  index  Kp  of  three  or  less,  the  nighttime  path  is  likely  to  lie  within  the  trough  region. 


The  term  auroral  is  used  in  this  context  to  indicate  a  position  that  lies  within  the  auroral  oval  (as  defined  by  Feldstein  and 
Starkov  (1967)). 
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Table  1  —  Calendar  of  Geomagnetic  Activity  Levels  (Kp/K) 
and  Channel  Measurement  Periods  (shaded  areas) 
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For  Kp  values  greater  than  three,  the  nighttime  path  is  more  likely  to  lie  within  the  auroral  oval 
because  of  the  equatorward  expansion  of  the  oval. 

At  the  latitude  of  Fairbanks,  the  spring,  daytime  ionosphere  is  dominated  by  a  strong  FI  layer 
and  an  F2  layer  whose  critical  frequency  is  not  substantially  greater  than  that  of  the  FI  layer.  As  a 
result,  starting  at  sunrise  and  for  most  of  the  remainder  of  the  day,  F  layer  returns  consist  of 
identifiably  distinct  FI  and  F2  layer  returns,  with  the  F2  returns  delayed  substantially  because  of 
retardation  in  the  underlying  FI  layer.  Furthermore,  at  most  ionospherically  supported  frequencies, 
FI  and  F2  layer  returns  are  characterized  by  extensive  delay  dispersion  and  correspondingly  reduced 
signal  amplitudes.  Optimum  propagation  conditions  prevail  toward  the  end  of  the  day  when  the  FI 
layer  critical  frequency  declines  rapidly,  because  of  its  strong  dependence  on  solar  zenith  angle.  At 
this  time  of  day,  the  F2  layer  is  dominant  and  group  delay,  delay  dispersion,  and  signal  amplitude 
approach  values  characteristic  of  the  quiet,  daytime,  midlatitude  channel.  These  periods  of  optimum 
channel  conditions  can  prevail  for  a  period  of  three  to  four  hours  during  quiescent  ionospheric 
conditions. 

The  measurement  apparatus  used  was  a  multifrequency  bistatic  HF  channel  probe  that  measured 
the  complex  pulse  response  of  the  HF  skywave  channel  (Wagner  and  Goldstein  1985;  Wagner  et  al. 
1988).  The  instrument  was  configured  to  produce  an  oblique  ionogram  record  at  the  beginning  of 
each  experiment  period  followed  by  an  extended  interval  of  probing  on  a  prescribed  set  of 
frequencies  (usually  eight  different  frequencies).  Probing  would  continue  for  a  period  of 
approximately  14  minutes  during  which  the  probing  frequency  would  cycle  through  the  selected  set 
of  frequencies.  Additional  details  regarding  the  operation  of  the  probe  are  provided  in  the 
Appendix. 

4.  RESULTS 

This  section  is  divided  into  two  subsections.  Section  4.1  presents  general  results  pertaining  to  all 
of  the  measurements,  and  Section  4.2  presents  detailed  results  pertaining  to  selected  experiments 
representative  of  the  range  of  conditions  that  may  be  encountered  on  the  high-latitude  channel.  For 
each  experiment  or  group  of  experiments,  a  graph  showing  details  of  magnetic  activity  relevant  to  the 
measurements  is  included.  The  graph  includes  magnetic  activity  indices  Kp  and  K  and  a  locally 
measured  magnetogram  for  a  24-hour  period  encompassing  the  measurement  interval.  Cross- 
hatched  areas  on  the  magnetogram  indicate  channel  probe  measurement  times.  The  magnetic 
fluctuation  activity  is  represented  in  terms  of  two  distinct  time  scales,  CGLT  and  UT.  CGLT  is  more 
useful  than  UT  as  a  representation  of  time  for  describing  auroral  phenomena.  CGLT  for  Fairbanks 
lags  UT  by  approximately  11  hours  and  15  minutes  and  lags  local  meridian  time  by  approximately  1 
hour  and  15  minutes. 

In  the  discussion  of  measured  results,  the  location  of  the  path  midpoint  relative  to  the  auroral 
oval,  the  diffuse  auroral  region,  and  the  F  layer  trough  region  is  important.  As  indicated  in  Section  2, 
the  size  and  location  of  these  regions  is  correlated  with  the  intensity  of  magnetic  activity.  For  a 
prescribed  magnetospheric  disturbance  index  Q,  the  nominal  oval,  trough,  and  diffuse  auroral  regions 
can  be  represented  as  well-defined  regions  on  a  polar  projection  of  the  north  magnetic  polar  region.* 
As  shown  in  Fig.  1,  the  coordinates  of  this  graph  are  corrected  geomagnetic  latitude  (CGL)  and 


*It  is  important  to  stress  that  the  size  and  position  of  the  auroral  oval  and  trough  regions,  as  depicted  in  these  figures,  are 
an  average  representation  based  on  an  extensive  observational  database.  They  are  not  meant  to  be  an  actual  representation 
of  these  features  at  the  time  of  the  measurement.  Furthermore,  in  this  report,  Q  is  assigned  the  value  of  a  measured  Kp^  or  a 
value  intermediate  between  Kp  and  K,  when  Kp  and  K  differ  substantially.  This  may  be  a  dubious  assignment,  especially  for 
small  Kp  (Feldstein  and  Starkov  1967),  but  is  considered  acceptable  for  the  qualitative  uses  made  of  it  in  this  report. 
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UNIVERSAL  TIME  (UT) 


CORRECTED  GEOMAGNETIC  LOCAL  TIME  (CGLT) 

Fig.  3(a)  —  Magnetogram  and  magnetic  disturbance  indices  relevant  to  Experiments  3,  4,  and  5 


(MIdPath  Coords:  65°N.  147°W) 


LOCAL  MERIDIAN  TIME  (hours) 

Fig.  3(b)  —  Position  of  path  midpoint  relative  to  oval  Fig.  3(c)  —  Solar  zenith  angles  for  Experiments  3  to  5 

and  trough  for  Experiments  3,  4,  and  5  and  for  distur¬ 
bance  index  Q  =  3 
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CGLT.  In  this  representation,  the  position  of  the  path  midpoint  vs  CGLT  is  a  circle  (CGL  =  65°) 
centered  on  the  geomagnetic  pole  and  its  position  relative  to  all  auroral  features  can  be  readily 
determined  given  values  for  Q  and  time.  A  diagram  of  this  type  is  included  for  each  experiment 
group,  with  markers  representing  the  path  midpoints  for  individual  experiments. 

As  mentioned  in  Section  2,  the  diffuse  auroral  absorption  region  is  confined  to  a  magnetic 
latitude  interval  between  60°  and  66°,  while  the  magnetic  latitude  of  the  path  midpoint  is  at  65°.  It  is, 
therefore,  clear  that  enhanced  radiowave  absorption  may  be  anticipated  at  times  of  enhanced 
magnetic  activity  when  enhanced  40  keV  diffuse  electron  precipitation  is  likely. 

An  additional  factor  affecting  the  state  of  ionization  in  the  ionosphere  is  the  solar  zenith  angle 
(SZA)  vs  local  meridian  time  (LMT).  In  each  discussion  of  a  single  experiment  or  group  of 
experiments,  a  curve  showing  the  SZA  at  the  measurement  time(s)  is  included.  In  all  cases,  the  SZA  is 
evaluated  for  the  Fairbanks  location  and  for  a  solar  declination  corresponding  to  mid-May  1988.  In 
addition  to  showing  the  variation  of  SZA  with  LMT,  the  curve  also  indicates  the  horizon  zenith  angle 
as  measured  from  altitudes  of  1  m,  100  km,  and  200  km. 

4.1  General  Results 

This  section  briefly  describes  each  measurement  group  shown  in  Table  1.  It  includes  general 
comments  that  summarize  the  measurement  conditions  and  the  results. 

4.1.1  Measurements  of  May  4,  1988,  1900  to  2215  UT  (Experiments  3,  4,  and  5) 

These  were  morning  measurements  (0900  to  1215  LMT,  0745  to  1100  CGLT)  during  a  period 
of  relatively  quiet  magnetic  conditions.  The  local  K  index  varied  between  a  value  of  2  at  the  start  of 
the  measurement  series  to  a  value  of  1  at  the  end.  Surprisingly,  Kp  was  substantially  larger  than  K 
with  values  of  4-  at  the  start  and  2  at  the  end  of  the  measurement  series.  The  probe  was  configured 
for  fine  delay  resolution  (wide  signal  bandwidth)  and  a  narrow  Doppler  window  based  upon  what 
were  expected  to  be  benign  propagation  conditions. 

Figure  3(a)  shows  a  local  magnetogram  made  at  the  College  Magnetic  Observatory  for  May  4  - 
5.  The  cross-hatched  rectangle  indicates  the  period  of  channel  probe  measurements,  with  arrows 
indicating  experiment  start  times.  Note  that  the  time  scale  above  the  magnetogram  is  UT  while  that 
below  is  CGLT.  The  magnetogram  shows  a  minor  fluctuation  of  the  horizontal  (H)  and  vertical  (Z) 
components  of  the  geomagnetic  field  and  a  somewhat  larger  fluctuation  of  the  magnetic  deviation 
(D)  during  the  measurement  series.  These  may  be  compared  with  the  storm  time  fluctuations 
observed  between  0800  and  1500  UT  of  May  5  on  the  same  figure.  During  the  storm,  Kp  varied 
between  values  of  4+  and  2  while  the  locally  measured  K  index  fluctuated  between  values  of  6  and  7. 
The  position  of  the  propagation  path  relative  to  the  auroral  oval  (stippled  region)  and  the  trough 
(shaded  region)  is  drawn  in  Fig.  3(b)  for  an  assumed  magnetospheric  disturbance  index  of  Q  =  3. 
Because  of  the  discrepancy  between  the  measured  values  of  Kp  and  K  (4-  and  2,  respectively),  a 
compromise  value  of  Q  =  3  was  selected  as  representative  of  magnetospheric  activity  for  this  event. 
Figure  3(b)  indicates  that  the  propagation  path  was  quite  distant  from  the  auroral  oval  and  trough 
regions  and  should  not  have  been  affected  by  an  auroral  disturbance  except  possibly  for  an  auroral 
absorption  event.  Based  on  the  conditions  described  in  Figs.  3(a)  and  3(b),  and  those  of  Fig.  3(c), 
which  describes  the  relevant  solar  zenith  angles  for  the  experiments,  one  would  expect  a  normal 
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morning  buildup  of  the  E  and  FI  layers  of  the  ionosphere,  with  little  disruption  due  to  auroral  effects 
except  possibly  for  some  weak  absorption.  It  should  be  noted  that  these  conclusions  would  not  have 
been  significantly  affected  if  Q  values  of  4  or  2  were  used  for  drawing  the  auroral  oval  in  Fig.  3(b). 

Signals  were  observed  to  be  weak  during  this  entire  set  of  measurements  but  there  was  no 
evidence  of  scattered  signals.  F  layer  channel  scattering  functions  indicated  delay-spreads  as  large  as 
300  |J,s  near  the  layer  critical  frequencies,  but  negligible  Doppler- spreading  of  signals.  The 
ionograms  showed  evidence  of  weak,  but  otherwise  normal  IE,  IFl,  and  1F2  traces  (e.g..  Fig.  4).  The 
low  signal-to-noise  ratio  (SNR)  is  attributed  to  a  combination  of  factors  including  the  wide  signal 
bandwidth,  a  high  noise  and  interference  background,  and  the  extensive  delay  dispersion  inherent  in 
an  ionosphere  in  which  E,  FI,  and  F2  layers  have  critical  frequencies  that  span  an  interval  of  just  2 
MHz.  A  gradual  weakening  of  the  ionogram  traces  in  the  time  between  Experiments  3  and  5  and  an 
increase  in  the  lowest  observable  frequency  suggest  that  a  minor  diffuse  absorption  event  may  have 
been  in  progress  over  that  time  period. 
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Fig.  4  —  Morning  ionogram,  Experiment  3,  May  4,  1988,  1900  UT,  delay  origin  =  0.5  ms 


4.1.2  Measurements  of  May  6,  1988,  0030  to  0300  UT  (Experiments  6,  7,  and  8) 

These  were  afternoon  measurements  (1430  to  1700  LMT,  1315  to  1545  CGLT).  Magnetic, 
geometric,  and  solar  conditions  relevant  to  the  propagation  path  are  shown  in  Figs.  5(a-c).  The 
measurements  coincided  with  the  onset  of  a  "great"  magnetic  storm  as  can  be  seen  from  the 
magnetogram  of  Fig.  5(a).  The  K-indices  for  the  measurement  period  had  values  of  7-  for  Kp  and  5 
for  K,  and  were  preceded  by  a  three  hour  period  of  unsettled  magnetic  conditions  as  indicated  in 
Fig.  5(a).  A  value  of  Q  =  6  was  assumed  for  the  magnetospheric  disturbance  index  Q  for  the  period 
of  interest.  The  auroral  geometry.  Fig.  5(b),  indicates  that  the  path  midpoints  lie  below  the  auroral 
oval  and  trough  regions  but  within  the  diffuse  auroral  absorption  zone  (CGL  between  60°  and  66°). 
Solar  zenith  angles  for  the  measurement  period.  Fig.  5(c),  indicate  afternoon  conditions. 

The  start  of  the  measurement  series  coincided  with  a  large  peak  in  the  H  component  of  the 
magnetic  field  perturbation,  which  probably  constituted  the  sudden  commencement  phase  of  the 
ensuing  magnetic  storm.  An  ionogram  (not  shown  here)  made  at  2330  UT  (1215  CGLT),  shortly 
before  the  storm  sudden  commencement,  showed  clear  evidence  of  normal  E  and  FI  layer  traces  and 
a  weak  F2  layer  trace.  E  layer  returns  were  observable  down  to  a  minimum  frequency  of  ~2.3  MHz. 
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UNIVERSAL  TIME  (UT) 


May  5, 1 988 


May  6J988 


CORRECTED  GEOMAGNETIC  LOCAL  TIME  (CGLT) 


Fig.  5(a)  —  Magnetogram  and  magnetic  disturbance  indices  relevant  to  Experiments  6  to  8 


(MidPath  Coords:  65°N,  147°W) 


LOCAL  MERIDIAN  TIME  (hours) 

Fig.  5(b)  —  Position  of  path  midpoint  relative  to  oval  and  Fig.  5(c)  —  Solar  zenith  angles  for  Experiments  6  to  8 

trough  for  Experiments  6  to  8  and  for  disturbance  index  Q  =  6 
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Experiment  6  was  conducted  during  the  latter  part  of  the  buildup  phase  of  the  storm  sudden 
commencement.  An  ionogram  made  during  Experiment  6  (not  shown  here)  showed  no  returns 
below  5  MHz  and  weak  F2  layer  returns  at  and  above  5  MHz.  This  indicated  a  sharp  increase  in 
absorption  levels  coinciding  with  the  magnetic  perturbation  and  presumably  associated  with  high 
energy  electrons  of  the  diffuse  aurora.  Scattering  functions  for  the  observed  F2  layer  returns 
indicated  Doppler-spreads  of  less  than  1  Hz. 

Experiment  7  was  in  progress  at  the  peak  and  during  the  decay  phase  of  the  magnetic 
perturbation  associated  with  the  storm  sudden  commencement.  The  ionogram  for  Experiment  7 
(Fig.  6)  showed  the  presence  of  weak  sporadic  E  (Eg)  between  2.5  and  4  MHz  and  a  weak, 
substantially  delayed  1F2  return  at  frequencies  above  4.5  MHz.  Evidence  of  a  partial  recovery  from 
the  effects  of  the  absorption  event  came  later  in  the  experiment  in  the  form  of  a  gradual  emergence 
of  a  strong  but  extensively  dispersed  IFl  return. 

Experiment  8  was  conducted  during  a  short-lived  period  of  reduced  magnetic  activity  following 
the  storm  sudden  commencement.  The  ionogram  (not  shown  here)  shows  a  well-defined  but  very 
weak  E  layer  return  from  either  the  normal  E  layer  or  a  thick,  refracting  sporadic  E  layer.  The  O- 
mode  critical  frequency  of  the  E  layer  return  was  approximately  3.2  MHz  while  the  X-mode  critical 
frequency  appeared  to  be  about  3.9  MHz.  F  layer  returns  were  too  weak  to  be  useful  for  analysis. 

These  experiments  show  the  strong  association  between  magnetic  storms  and  enhanced 
absorption  for  this  path.  There  also  appears  to  be  some  evidence  for  weak,  storm-associated  sporadic 
E  and  for  a  modest  increase  in  Doppler-spread. 


DELAY  (ms) 

Fig,  6  —  Afternoon  ionogram,  Experiment  7,  May  6,  1988,  0130  UT,  delay  origin  =  0.5  ms 


4.1.3  Measurements  of  May  7,  1988,  1400  to  2015  UT  (Experiments  9  to  15) 

These  were  postmidnight  to  early  morning  measurements  (0400  to  1015  LMT;  0245  to  0900 
CGLT).  They  were  made  over  a  period  during  which  Kp  varied  between  values  of  3-  to  3+  and  K 
diminished  rapidly  from  an  initial  value  of  5  to  a  final  value  of  3.  The  local  magnetogram  for  this 
period  is  shown  in  Fig.  7(a).  The  first  experiment  (No.  9)  occurred  shortly  after  a  large  negative 
perturbation  of  the  H  component  of  the  magnetic  field.  The  remaining  experiments  in  this  group 
were  conducted  during  a  period  of  active  magnetic  conditions,  as  is  evident  from  the  small,  but 
persistent,  fluctuations  of  all  traces  on  the  magnetogram. 
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The  location  of  the  path  midpoint  relative  to  the  auroral  oval  and  trough  regions,  for  all  experiments 
in  this  group,  is  shown  in  Fig.  7(b)  for  a  Q  value  of  4.  Based  on  Fig.  7(b),  Experiment  9  is  located  at 
the  border  between  the  oval  and  the  trough  regions,  while  Experiments  10  and  11  are  located  beyond 
the  trough  region  but  at  the  equatorward  edge  of  the  oval.  Experiments  12  to  15  are  all  subauroral 
but  within  the  latitude  interval  that  is  subject  to  the  effects  of  the  diffuse  aurora. 

The  solar  zenith  angle  diagram  of  Fig.  7(c)  shows  that  the  SZA  was  greater  than  70°  for 
Experiments  9,  10,  and  11,  and  decreased  to  a  morning  value  of  50°  by  1000  LMT  (Experiment  15). 
The  minimum  SZA  for  this  date  was  45°  at  local  noon. 

lonograms  for  Experiment  9  (not  shown  here)  show  only  a  weak  sporadic  E  return,  visible  over  a 
restricted  range  of  frequencies  (2.4  to  2.7  MHz  at  the  start  and  3.5  to  4.2  MHz  at  the  end  of 
Experiment  9).  The  absence  of  any  other  returns  indicates  that  an  absorption  event  was  in  progress. 
It  is  unclear  whether  the  absorption  event  was  associated  with  the  discrete  aurora  or  the  diffuse  aurora 
but  the  impulsive  nature  of  the  initial  magnetic  perturbation  would  suggest  the  discrete  aurora.  The 
visibility  of  a  fragmentary  Es  return  may  indicate  that  the  absorption  was  not  so  large  as  to  totally 
obscure  the  strongest  Eg  returns.  In  Experiment  10,  conducted  one  hour  later,  conditions  had 
changed  and  the  ionogram  (Fig.  8)  shows  a  strong,  double-layered  sporadic  E  return,  implying  that 
the  absorption  event  had  subsided.  No  other  returns  were  visible  out  to  the  highest  probe  frequency 
(5.5  MHz),  suggesting  that  they  were  most  likely  blanketed  by  the  sporadic  E  layer. 

In  subsequent  experiments  (11  to  13)  corresponding  to  times  0445  to  0645  CGLT  (0600  to 
0800  LMT),  direct  solar  effects  began  to  exert  an  influence.  The  sporadic  E  layer  gradually 
disappeared  and  strong,  well-defined  E,  FI,  and  F2  traces  began  to  appear  on  the  ionograms.  In 
Experiment  13,  the  ionogram  traces  weakened  and  showed  evidence  of  weak  multipath.  Conditions 
worsened  thereafter  and  heavy  absorption  caused  total  radio  blackout  during  Experiments  14  and  15 
(0745  to  0915  CGLT).  The  resumption  of  strong  auroral  absorption  appears  to  be  associated  with 
the  occurrence  of  enhanced  fluctuations  on  all  components  of  the  magnetogram  between  0630  and 
0900  CGLT.  These  fluctuations  occurred  at  a  time  when  effects  of  the  diffuse  aurora  tend  to  be  most 
pronounced.  The  resurgent  absorption  is  assumed  to  be  evidence  of  the  presence  of  high  energy 
(>40  keV)  electron  showers  associated  with  the  diffuse  aurora.  The  presence  of  enhanced  1  to  10 
keV  electron  precipitation  within  the  auroral  oval  could  be  the  cause  of  the  enhanced  magnetic 
fluctuations  observed  at  this  subauroral  location  during  this  period. 
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Fig.  8  —  Postmidnight  ionogram,  Experiment  10,  May  7,  1988,  1500  UT,  delay  origin  =  0.5  ms 
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Fig.  9(a)  —  Magnetogram  and  magnetic  disturbance  indices  relevant  to  Experiments  16  to  22 
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Fig.  9(b)  —  Position  of  path  midpoint  relative  to  oval  and  Fig.  9(c)  —  Solar  zenith  angles  for  Experiments  16  to  22 
trough  for  Experiments  16  to  22  and  for  disturbance  index 
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4.1.4  Measurements  of  May  8-9,  1988,  1915  to  0115  UT  (Experiments  16  to  22) 

This  set  of  measurements  was  conducted  during  a  six  hour  period  around  local  noon  (0900  to 
1515  LMT;  0745  to  1400  CGLT)  at  a  time  of  "unsettled"  magnetic  conditions.  The  measurement 
period  followed  a  magnetic  storm  during  which  Kp  attained  a  maximum  value  of  4-  while  the  local  K 
index  peaked  at  a  value  of  5.  Values  for  Kp  and  K  during  the  measurement  period  were  3  and  2, 
respectively.  A  magnetogram  illustrating  magnetic  conditions  during  the  measurement  period  is 
shown  in  Fig.  9(a).  The  position  of  the  midpath  point(s)  relative  to  the  auroral  oval  and  the  F  layer 
trough  region  is  illustrated  in  Fig.  9(b),  which  indicates  that  all  measurements  were  conducted  at 
subauroral  locations.  Figure  9(c)  shows  the  SZA  at  the  start  of  each  experiment  and  indicates  that 
solar  photon  effects  should  be  at  their  peak. 

Despite  the  relatively  subdued  magnetic  activity  following  the  magnetic  storm,  probe  signals  were 
either  weak  or  undetectable  during  the  entire  measurement  period.  When  ionogram  traces  were 
visible,  as  in  Experiment  19,  the  traces  were  observed  to  be  normal  but  weak  (Fig.  10).  Other 
ionograms  in  this  measurement  series  (not  included  in  this  report)  indicate  that  periods  of  enhanced 
signal  absorption  alternated  with  periods  of  lesser  absorption.  For  example,  no  probe  signals  were 
detected  in  Experiment  16,  while  E  and  FI  layer  returns  were  visible  in  Experiment  17.  The  E  layer 
return  was  substantially  weaker  than  the  FI  layer  return,  however,  implying  that  absorption,  while 
considerably  diminished  from  its  earlier  levels,  was  still  a  factor.  The  traces  continued  to  strengthen 
through  the  early  ionogram  of  Experiment  19  (Fig.  10).  In  the  final  ionogram  of  Experiment  19, 
the  E  layer  return  weakened  substantially  compared  with  that  of  the  FI  and  F2  returns,  indicating  the 
resurgence  of  an  absorption  effect.  Experiment  20  showed  only  a  barely  detectable  F2  layer  return 
indicating  almost  total  radio  blackout,  while  Experiments  21  and  22  showed  clearly  discernible  but 
very  weak  evidence  of  F  layer  returns. 

Magnetic  activity  and  diffuse  electron  precipitation  events  are  known  to  be  correlated  with  the 
global  ring  current  that  accompanies  a  magnetic  storm.  At  subauroral  latitudes,  storm-time  magnetic 
fluctuations  result  primarily  from  fluctuations  in  the  global  ring  current.  During  the  recovery  phase 
of  a  magnetic  storm,  the  ring  current  is  known  to  be  chaotic,  which  might  explain  the  observed  small, 
rapid  fluctuations  of  the  magnetic  field. 

Diffuse  electron  precipitation  events  (>40  keV),  while  contributing  strongly  to  enhanced 
absorption  at  the  latitude  of  the  midpath  points  for  this  experiment  group,  should  have  little  effect  on 
overhead  E  layer  conductivity  and  associated  local  magnetic  effects. 
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Fig.  10  —  Pre-noon  ionogram,  Experiment  19,  May  8,  1988,  2200  UT,  delay  origin  =  0.5  ms 
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4.1.5  Measurements  of  May  12,  1988,  0200  to  0830  UT  (Experiments  23  to  29) 

These  measurements  were  made  during  the  late  afternoon  to  evening  hours  (1600  to  2230  LMT, 
1445  to  2115  CGLT).  Magnetic  activity  was  negligible  except  for  a  minor  fluctuation  that  occurred 
approximately  45  minutes  prior  to  the  start  of  Experiment  23.  The  fluctuation  raised  the  local  K 
index  to  2  for  that  3-h  interval.  The  fluctuation  may  have  been  larger  at  other  observing  stations 
because  the  Kp  value  for  this  measurement  interval  was  3-.  During  the  remainder  of  the  measurement 
period,  both  K  indices  remained  at  values  of  1 .  A  magnetogram  describing  magnetic  activity  during 
this  experiment  series  is  shown  in  Fig.  11(a). 

The  location  of  the  path  midpoint(s)  relative  to  the  auroral  oval  and  trough  regions  is  shown  in 
Fig.  11(b)  for  an  assumed  Q  value  of  1.  It  can  be  seen  from  this  figure  that  the  paths  are  all 
subauroral  and  outside  the  trough  region  except  for  that  of  Experiment  29,  which  lies  within  the  early 
part  of  the  nominal  trough  region.  The  midpath  point  for  Experiment  29  is  on  the  order  of  500  km 
from  the  oval-trough  boundary,  the  region  most  susceptible  to  irregularity  generation. 

The  solar  zenith  angles  corresponding  to  this  set  of  experiments  is  presented  in  Fig.  11(c).  The 
period  of  observation  is  seen  to  encompass  early  afternoon  times,  when  direct  solar  photo-ionization 
is  a  dominant  factor  in  ion  production,  to  dusk,  when  other  factors  begin  to  predominate.  The  early 
experiments  of  this  group  should  be  characterized  by  strong  FI  layer  effects,  which  gradually 
diminish  as  the  SZA  increases. 

lonograms  for  this  period  show  normal  traces.  A  prominent  FI  layer  was  observed  during  the 
first  of  these  experiments  (23)  but  weakened  rapidly  in  succeeding  experiments.  The  slope  of  the 
ionogram  trace  was  observed  to  decrease  over  the  measurement  interval  with  a  corresponding 
reduction  in  delay  dispersion.  Optimal  signal  transmission  conditions  prevailed  during  Experiments 
26,  27,  £md  28  (1900  to  2200  LMT,  1745  to  2045  CGLT)  when  retardation  of  the  F2  layer  due  to  the 
underlying  FI  layer  was  no  longer  a  factor.  Figure  12  is  an  ionogram  (Experiment  27)  illustrating 
these  optimal  conditions.  The  measurement  path  of  Experiment  29  lay  within  the  nominal  trough 
region,  as  indicated  on  Fig.  11(b).  The  path  midpoint  was  well  removed  from  the  oval-trough 
boundary,  however,  and  the  received  signal  showed  no  evidence  of  enhanced  delay-spread  or 
Doppler-spread. 

Spread  parameters  for  this  experiment  series  were  found  to  be  among  the  smallest  observed  and 
are  representative  of  magnetically  quiet  daytime  conditions.  Section  4.2.1  provides  further 
discussion  of  the  spread  parameters  for  Experiment  27. 


0  1  2  3  4  5 

DELAY  (ms) 

Fig.  12  —  Late  aftenoon  ionogram,  Experiment  27,  May  12,  1988,  0600  UT,  delay  origin  =  0.5  ms 
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CORRECTED  GEOMAGNETIC  LOCAL  Tl  ME  (CGLT) 

Fig.  13(a)  —  Magnetogram  and  magnetic  disturbance  indices  relevant  to  Experiments  30  to  38 
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Fig.  13(b)  —  Position  of  path  midpoint  relative  to  oval  Fig.  13(c)  —  Solar  zenith  angle  for  Experiments  30  to  38 
and  trough  for  Experiments  30  to  38  and  for  disturbance 
index  Q  =  2 
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4.1.6  Measurements  of  May  13,  1988,  0800  to  1630  UT  (Experiments  30  to  38) 

These  were  late  evening  to  early  morning  measurements  (2200  to  0630  LMT,  2045  to  0515 
CGLT).  Magnetic  conditions  were  quiet  during  this  period  except  for  a  large,  isolated  magnetic 
fluctuation  that  occurred  between  the  hours  of  1 100  and  1400  UT.  This  had  only  a  modest  effect  on 
the  Kp  index,  which  varied  between  values  of  2-  and  1,  but  had  a  more  marked  effect  on  the  local  K 
index,  which  varied  between  values  of  3  and  1.  A  magnetogram  summarizing  conditions  during  this 
experiment  is  shown  in  Fig.  13(a).  The  magnetogram  indicates  that  magnetic  conditions  were  quiet 
during  Experiments  30  to  33.  A  time  plot  of  the  position  of  the  midpath  point  relative  to  the  oval 
and  the  trough  regions,  for  an  assumed  Q  of  2  (Fig.  13(b)),  indicates  that  trough  or  oval  effects  might 
be  anticipated  in  the  data.  An  ionogram  (not  shown  here)  made  during  the  first  experiment  of  this 
group  (30)  shows  a  weak  but  otherwise  normal-looking  F  layer  trace.  The  lowest  frequencies  are  the 
weakest,  suggesting  a  mild  absorption  event.  Frequencies  near  the  F  layer  critical  frequency  are  weak 
and  diffuse,  suggesting  the  presence  of  ionospheric  irregularities  in  the  vicinity  of  the  F  layer  peak, 
which  may  be  a  precursor  of  range-spread  ionograms  observed  in  subsequent  experiments. 

From  Fig.  13(b),  it  can  be  seen  that  the  position  of  the  path  midpoint  was  approaching  the  oval- 
trough  boundary  during  Experiment  31  and  lay  on  the  boundary  during  Experiments  32  and  33. 
The  ionogram  for  Experiment  31  (Fig.  14(a))  indicates  a  strong  but  somewhat  irregular  F  layer  trace 
that  becomes  weaker  and  more  diffuse  as  the  frequency  approaches  the  F  layer  critical  frequency. 
During  Experiment  33  (Fig.  14(b))  the  ionogram  trace  develops  into  a  range-spread  spread  F  trace. 
It  is  worth  noting  the  presence  of  a  second  trace  in  Fig.  14(a),  delayed  on  the  order  of  500  |is  from 
the  main  return.  This  return  is  presumed  to  be  the  result  of  side-reflection/scatter  from  an  off-path 
irregularity  region.  Based  on  its  relative  delay,  it  is  estimated  that  the  irregularity  region  is  laterally 
displaced  from  the  propagation  path  by  -230  km.  Assuming  that  the  region  lies  to  the  north  of  the 
baseline,  that  would  place  it  at  the  oval-trough  boundary  or  slightly  within  the  oval.  Section  4.2.2 
discusses  details  of  the  channel  spread  characteristics  for  Experiments  31  and  33,  representative  of 
quiet  nighttime  conditions. 
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Fig.  14  —  Nighttime  ionograms,  May  13,  1988,  (a)  Experiment  31,  0900  UT, 
(b)  Experiment  33,  1100  UT;  delay  origin  =  0.5  ms 
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Fig.  15(a)  —  Magnetogram  and  magnetic  disturbance  indices  relevant  to  Experiments  39  to  43 
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Fig.  15(c)  —  Solar  zenith  angles  for  Experiments  39  to  43 


Fig.  15(b)  —  Position  of  path  midpoint  relative  to  oval 
and  trough  for  Experiments  39  to  43  and  for  disturbance 
index  Q  =  1 
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lonograms  for  Experiments  34  and  35  (not  shown  here)  show  evidence  of  strong  absorption.  In 
Experiment  34,  which  occurred  during  the  buildup  phase  of  the  negative  magnetic  perturbation,  the 
ionogram  trace  is  barely  visible.  In  Experiment  35,  which  occurred  during  the  decay  phase  of  the 
magnetic  perturbation,  the  trace  is  somewhat  recovered,  but  weak  and  only  visible  at  frequencies 
above  3.5  MHz.  It  is  evident  that  the  event  that  was  responsible  for  the  magnetic  perturbation  also 
contributed  to  enhanced  D  layer  ionization,  which  resulted  in  the  observed  absorption  event.  The 
time  of  this  event  corresponds  to  a  period  when  the  1  to  10  keV  and  >40  keV  precipitation  regions 
overlap  spatially,  which  may  explain  the  simultaneous  occurrence  of  strong  magnetic  and  absorption 
events. 

An  ionogram  for  Experiment  36  (not  shown  here)  shows  a  weak,  nighttime  sporadic  E  layer 
return  as  well  as  a  weak,  diffuse  F2  layer  return  indicating  that  absorption  has  subsided.  The 
character  of  the  F2  layer  signal  suggests  that  the  return  was  spread  during  the  absorption  event  but 
was  in  the  process  of  recovery  during  Experiment  36.  Experiments  37  and  38  show  evidence  of  a 
gradually  recovering  ionosphere,  as  the  zenith  angle  declines  from  80°  to  70°  (Fig.  13(c)), 
culminating  in  well-defined  E,  FI,  and  F2  layer  traces,  with  little  evidence  of  a  scattered  signal,  in 
Experiment  38. 

4.1.7  Measurements  of  May  14,  1988,  0215  to  0730  UT  (Experiments  39  to  43) 

This  measurement  set  was  conducted  during  afternoon  to  late  evening  hours  (1615  to  2130  LMT, 
1500  to  2015  CGLT)  and  was  part  of  a  ground-based,  radio-wave  ionospheric  heating  experiment. 
Insofar  as  channel  spread  characteristics  are  concerned,  these  results  are  not  included  with  those  of 
the  other  experiments  because  of  the  effects  of  ionospheric  heating.  General  observations  derived 
from  this  channel  are  assumed  to  be  applicable  to  the  unheated  channel,  however,  since  the 
ionospheric  heating  did  not  produce  changes  in  the  gross  characteristics  of  the  ionosphere. 

Magnetic  conditions  were  quiet  throughout  the  measurement  interval  with  Kp  values  of  1-  and 
local  K  values  fluctuating  between  0  and  1 .  A  magnetogram  illustrating  the  quiescent  nature  of  the 
magnetic  conditions  is  shown  in  Fig.  15(a).  The  position  of  the  propagation  path  midpoint  during 
this  series  of  experiments  is  subauroral  and  pre-trough  as  illustrated  in  Fig.  15(b).  The  SZA  for  this 
series  of  experiments  is  shown  in  Fig.  15(c),  which  indicates  the  afternoon  and  evening  character  of 
the  measurements. 

All  of  the  ionograms  for  this  measurement  set  show  normal  E  and  F  layer  traces  with  no  evidence 
of  scatter  or  multipath  returns  (other  than  multihop)  or  absorption.  This  is  illustrated  in  the 
ionogram  of  Fig.  16,  which  was  made  during  Experiment  41.  The  results  are  very  similar  to  those  of 
Experiments  23  to  29  (Section  4.1.5),  which  were  obtained  under  almost  identical  magnetic,  midpath, 
and  SZA  conditions.  The  only  difference  occurs  in  the  first  experiment  of  each  group  (23  and  39), 
where  the  FI  layer  is  more  prominent  in  Experiment  23  than  in  Experiment  39. 
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Fig.  16  —  Late  afternoon  ionogram,  Experiment  41,  May  14,  1988,  0500  UT,  delay  origin  =  0,5  ms 
4.1.8  Measurements  of  May  15,  1988,  0200  to  0830  UT  (Experiments  44  to  50) 

This  series  of  experiments  consisted  of  late  afternoon  to  late  evening  measurement  times  (1600  to 
2230  LMT,  1445  to  2115  CGLT).  Magnetic  conditions  during  this  series  of  experiments  were  varied, 
as  can  be  seen  in  the  magnetogram  of  Fig.  17(a).  Relatively  quiet  conditions  prevailed  during  the 
first  two  experiments  of  the  group,  at  which  time  Kp  and  K  were  1+  and  1,  respectively.  The 
following  three  hour  interval,  which  included  Experiments  46  and  47,  was  characterized  by  magnetic 
indices  of  Kp  =  3  and  K  =  4.  These  indices  were  associated  with  a  large  positive  fluctuation  of  the  H 
component  of  the  magnetic  field  as  well  as  strong  fluctuations  of  the  other  components.  The  period 
following  the  magnetic  perturbation  (Experiments  48  to  50)  was  relatively  quiet  with  a  Kp  index  of  2- 
and  a  K  index  of  2.  This  group  of  experiments  is  important  because  it  illustrates  the  effect  of  a 
magnetic  disturbance  on  the  high-latitude  ionosphere  when  the  propagation  path  is  subauroral. 

The  location  of  the  path  midpoints  relative  to  the  main  auroral  features  is  shown  in  Fig.  17(b). 
The  auroral  oval  and  trough  regions  are  drawn  for  a  Q  value  of  4  to  simulate  conditions  at  the  time  of 
the  magnetic  perturbation.  Prior  to  that  time  (Experiments  44,  45,  and  early  46),  the  midpath  points 
are  seen  to  be  at  least  5°  south  of  the  southern  boundary  of  the  auroral  oval.  At  the  time  of 
Experiment  47,  the  midpath  point  of  the  path  is  approximately  4°  south  of  the  auroral  oval  and 
would  be  on  the  order  of  3°  distant  from  the  southern  border  of  the  oval  if  a  Q  value  of  6  were 
assumed.  Furthermore,  the  trough  region  is  seen  to  be  irrelevant  to  Experiment  47  since  the 
experiment  was  conducted  approximately  3  hours  before  an  overhead  trough  condition.  The 
midpath  points  for  Experiments  48  and  49  continue  to  be  subauroral  and  unaffected  by  the  trough 
region  while  that  for  Experiment  50  appears  to  be  at  the  auroral-trough  boundary.  If  a  value  of  Q 
appropriate  to  conditions  during  Experiments  48  to  50  were  used  to  define  the  oval  and  trough 
regions  of  Fig.  17(b)  (i.e.,  Q  =  2),  then  the  midpath  point  for  Experiment  50  would  also  be 
subauroral  and  would  lie  within  the  nominal  trough  region  rather  than  at  the  oval-trough  boundary. 

Figure  17(c)  shows  the  SZA  curve  for  this  series  of  experiments.  It  indicates  that,  were  it  not  for 
the  effect  of  the  magnetic  disturbance,  the  ionograms  for  this  set  of  measurements  would  have  been 
characterized  by  the  dominance  of  a  normal  FI  layer  in  the  early  experiments,  and  dually  give 
way  to  dominance  by  a  normal  F2  layer  in  the  later  experiments. 
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Fig.  18  —  Late  afternoon/evening  ionograms,  May  15,  1988.  (a)  Experiment  46,  0400  UT, 
(b)  Experiment  47,  0500  UT,  (c)  Experiment  48  0600  UT;  delay  origin  =  0.5  ms 
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The  ionograms  for  Experiments  44  and  45  were  typical  of  magnetically  quiet,  daytime 
conditions.  The  initial  ionogram  for  Experiment  46  (Fig.  18(a))  was  also  typical  of  undisturbed 
daytime  conditions  with  no  evidence  of  spread  F.  Clear  signs  of  the  onset  of  spread  F  began  to 
appear  early  in  the  probing  period  of  Experiment  46  but  were  quickly  masked  by  an  absorption 
event  that  was  centered  on  the  peak  of  the  magnetic  perturbation. 

Absorption  had  apparently  subsided  by  the  time  of  the  start  of  Experiment  47,  revealing  a  very 
weak  and  diffuse  spread  F  ionogram  trace  (Fig.  18(b)).  Ionograms  for  post-perturbation 
experiments  (Experiments  48,  49,  and  50)  showed  evidence  of  range-spread  spread  F  (e.g.. 
Fig.  18(c),  Experiment  48).  The  signal  levels  for  Experiments  48  to  50  were  much  higher  than  those 
of  Experiment  47,  and  their  ionogram  traces  were  primarily  irregular  rather  than  diffuse. 

These  observations  are  interesting  because  they  clearly  illustrate  a  case  in  which  spread  F  occurs 
in  association  with  an  isolated  magnetic  perturbation  on  a  path  well  south  of  the  auroral  oval.  As 
previously  discussed,  auroral  precipitation  events  that  directly  affect  the  F  layer  are  confined  to  the 
region  of  the  auroral  oval.  Furthermore,  at  1700  to  1800  COLT,  precipitation  events  affecting  E 
layer  conductivity,  and  associated  magnetic  field  perturbations,  are  primarily  confined  to  the  auroral 
oval  with  some  subauroral  spillover.  Allowing  for  some  diffuse  precipitation  beyond  the  boundary 
of  the  auroral  oval,  we  estimate  that  the  southernmost  boundary  of  the  E  layer  precipitation  region  is 
approximately  3°  north  of  the  propagation  path,  which  is  equivalent  to  a  lateral  displacement  of 
approximately  370  km.  E  layer  currents  at  that  distance  could  account  for  the  observed  magnetic 
fluctuation  at  College  Alaska  but  it  is  also  possible  that  the  magnetic  event  is  the  result  of  an  isolated 
surge  in  the  global  ring  current.  The  absorption  event  must  be  due  to  an  enhancement  of  the  high 
energy  (>40  keV)  electron  flux  associated  with  the  diffuse  aurora. 

The  observed  spread  F  could  be  a  result  of  the  modification  of  the  overhead  ionosphere  or  of 
sidescatter  from  an  irregularity  region  located  within  the  oval.  An  examination  of  trace  delays  for 
this  group  of  experiments  shows  an  increase  of  approximately  400  |a,s  between  the  start  of 
Experiments  46  and  47,  out  of  a  total  trace  delay  time  of  approximately  1.65  ms.  Scattering  from  an 
irregularity  region  within  the  auroral  oval  would  require  a  trace  delay  increase  of  approximately  1.1 
ms  and  may  therefore  be  ruled  out.  The  observed  delay  variation  can  be  readily  explained,  however, 
in  terms  of  a  vertical  rise  and  fall  of  the  overhead  layer.  An  increase  of  approximately  55  km  in  the 
virtual  height  of  the  layer  (from  an  initial  value  of  245  km),  is  sufficient  to  explain  the  observed 
increase  in  delay  between  Experiments  46  and  47.  Evidence  of  vertical  transport  of  ionization  in  the 
auroral  ionosphere  in  association  with  magnetic  disturbances  has  been  cited  by  Bates  and  Hunsucker 
(1974).  Rapid  vertical  motion  of  this  kind  could  trigger  an  instability  leading  to  the  observed  spread 
F.  Subsequent  ionogram  traces  (Experiments  48  to  50)  show  a  gradually  decreasing  trace  delay  until, 
at  the  start  of  Experiment  50  (roughly  4  hours  later),  the  delay  has  reverted  to  its  value  at  the  start  of 
Experiment  46. 

Based  on  the  character  of  the  ionograms  (Figs.  18(b)  and  18(c)),  one  should  expect  substantially 
enhanced  channel  spread  parameters  for  Experiments  47  through  50.  These  results  are  considered  in 
greater  detail  in  Section  4.2.3. 


Q  Q 


28 


Wagner  and  Goldstein 


UNIVERSAL  TIME  (UT) 


6  12  18  24 


CORRECTED  GEOMAGNETIC  LOCAL  TIME  (CGLT) 

Fig.  19(a)  —  Magnetogram  and  magnetic  disturbance  indices  relevant  to  Experiments  51  to  57 
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Fig.  19(b)  —  Position  of  path  midpoint  to  oval 
and  trough  for  Experiments  51  to  57  and  for  dis¬ 
turbance  index  Q  =  4 


Fig.  19(c)  —  Solar  zenith  angles  for 
Experiments  51  to  57 
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4.1.9  Measurements  of  May  16,  1988,  0800  to  1430  UT  (Experiments  51  to  57) 

This  was  a  nighttime  measurement  set  (2200  to  0430  LMT,  2045  to  0315  CGLT),  which 
coincided  with  a  magnetospheric  substorm.  It  therefore  is  expected  to  present  the  most  difficult 
conditions  for  HF  skywave  propagation  on  the  channel.  The  magnetogram  describing  magnetic 
conditions  during  this  set  of  measurements  is  shown  in  Fig.  19(a).  The  Kp  index  during  this  period 
varied  between  2+  and  3,  while  the  local  K  index  varied  between  values  of  3  and  5.  As  can  be  seen 
from  the  magnetogram,  all  of  the  experiments  were  conducted  during  disturbed  conditions  but  the 
worst  conditions  were  experienced  during  Experiments  53  to  57 .  Because  this  represents  an  extreme 
set  of  conditions,  it  is  considered  in  greater  detail  in  Section  4.2.4. 

A  value  of  Q  =  4  was  selected  as  the  magnetospheric  disturbance  index  for  representing  the 
position  and  size  of  the  auroral  oval  and  the  trough  in  Fig.  19(b).  As  can  be  seen  from  this  figure, 
the  midpath  points  for  all  of  the  experiments  lie  in  the  nighttime  sector  either  within  the  oval  or  on 
the  oval-trough  boundary.  It  is  important  to  note  that  all  energy  regimes  for  precipitating  electrons 
overlap  in  the  nighttime  auroral  oval,  as  do  the  regions  of  the  discrete  and  diffuse  aurora.  This  is 
especially  significant  during  magnetically  disturbed  periods. 

The  curve  of  SZA  vs  LMT  (Fig.  19(c))  indicates  that  all  measurements,  except  for  those  of 
Experiment  51,  occurred  at  solar  zenith  angles  greater  than  90°  (post-ground-sunset),  while  the  SZA 
for  Experiment  51  was  approximately  88°.  The  significance  of  these  large  zenith  angles  is  that  direct 
solar  effects  (photoionization  in  the  E  and  FI  layers)  should  be  minimal. 

The  ionogram  for  Experiment  51  (not  shown  here)  shows  evidence  of  an  irregular  trace  at  a 
group  delay  of  1.2  ms,  corresponding  to  a  virtual  height  of  175  km.  Elevated  layers  and  unusual 
vertical  profiles  of  electron  density  at  auroral  latitudes  have  been  previously  reported  by  Bates  and 
Hunsucker  (1974),  especially  during  magnetically  disturbed  conditions.  The  ionogram  for 
Experiment  52  (Fig.  20(a))  shows  fully  developed  (one  hop)  blanketing  sporadic  E  at  all  frequencies 
(2  to  7  MHz)  with  indications  of  multiple  layers  and  a  2-hop  Es  return.  The  height  of  the  lowest  of 
the  multiple  layers  is  estimated  to  be  110  km.  Experiment  53,  which  starts  before  but  continues 
through  the  start  of  the  main  phase  of  the  magnetic  storm,  shows  a  weaker,  range-spread  Es  return  as 
well  as  a  weak,  diffuse  F2  layer  return  (Fig.  20(b)).  In  Experiment  54,  which  coincides  with  a  very 
large  negative  perturbation  of  the  H  component  of  the  magnetic  field,  absorption  is  a  dominant 
factor.  At  this  time,  no  F  layer  returns  are  visible,  and  Es  layer  returns  are  visible  only  above 
approximately  5.8  MHz.  In  Experiments  55  and  56,  the  absorption  event  appears  to  have  subsided 
and  Es  and  spread  F  returns  reappear.  This  is  illustrated  by  the  ionogram  for  Experiment  56  (Fig. 
20(c)).  During  Experiment  57,  no  returns  were  visible,  implying  the  resumption  of  enhanced  auroral 
absorption  with  accompanying  radio  blackout. 

Comparison  of  these  results  with  those  of  Experiments  30  to  36  (Section  4.1.6)  is  of  interest 
because  they  correspond  to  nearly  identical  test  conditions  except  for  the  degree  of  magnetic 
disturbance.  In  both  sets  of  measurements,  enhanced  absorption  is  associated  with  the  occurrence  of 
a  large,  discrete,  magnetic  perturbation.  In  the  case  of  magnetic  storm  conditions  (Experiments  51  to 
57),  strong  sporadic  E  is  more  prevalent  (an  indication  of  overhead  E  layer  effects),  and  the  spread  F 
traces  appear  to  be  more  diffuse  in  character.  Our  experience  with  these  kinds  of  measurements  is 
that  the  more  diffuse  returns  are  characterized  by  broader  Doppler- spreads.  Cursory  examination  of 
the  scattering  functions  for  Experiments  51  to  57  indicates  that  Doppler-spreads  of  approximately 
15  Hz  are  observed.  More  details  regarding  these  spread  parameters  are  provided  in  Section  4.2. 


30 


Wagner  and  Goldstein 


(c) 


DELAY  (ms) 


Fig.  20  —  Nighttime  ionograms,  May  16,  1988.  (a)  Experiment  52,  0915  UT,  (b)  Experiment  53,  1000  UT, 

(c)  Experiment  56,  1300  UT;  delay  origin  =  0.5  ms 
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4.2  Channel  Spread  Parameters  for  the  NVIS  High-latitude  Channel 

The  characteristics  of  the  high-latitude  channel  are  critically  dependent  on  the  location  of  the 
skywave  propagation  path  relative  to  the  auroral  oval  and  on  the  severity  of  auroral  disturbance 
conditions.  In  this  section,  four  sets  of  measurements  representing  a  broad  range  of  environmental 
conditions  are  considered.  In  each  case,  the  channel  scattering  function  is  examined.  Parameters 
derived  from  the  channel  scattering  function  include  signal  amplitude,  delay-spread,  Doppler-spread, 
and  the  channel  spread  factor.  The  four  cases  considered  are  (a)  magnetically  quiet  daytime 
conditions,  (b)  magnetically  disturbed  daytime  conditions,  (c)  magnetically  quiet  nighttime 
conditions,  and  (d)  magnetically  disturbed  nighttime  conditions. 

4.2.1  Magnetically  Quiet  Daytime  Conditions 

During  this  measurement  campaign,  magnetically  quiet  daytime  conditions  were  encountered  on 
four  separate  occasions.  General  results  for  these  cases,  including  ionograms,  are  presented  in 
Sections  4.1.1,  4.1.4,  4.1.5,  and  4.1.6.  Generally  speaking,  the  signal  amplitude  and  spread 
parameters  for  all  of  these  measurements  were  comparable  and  typical  of  the  quiet,  daytime  high- 
latitude  channel.  Some  differences  were  noted  in  the  delay-spread  depending  on  the  time  of  day  of 
the  measurements.  These  differences  were  a  result  of  enhanced  dispersive  effects  due  to  the  presence 
of  the  FI  layer.  The  smallest  values  of  the  spread  parameters  were  observed  during  magnetically 
quiet,  late  afternoon  conditions,  as  exemplified  by  those  described  in  Section  4.1.5  (e.g..  Experiment 
27).  Spread  parameters  for  Experiment  27  are  examined  in  detail  in  this  section  and  are  used  as  a 
benchmark  for  assessing  the  performance  of  the  channel  under  less  ideal  conditions. 

The  measurements  of  Experiment  27  were  made  at  a  location  that  was  approximately  7° 
(=865  km)  south  of  the  southernmost  boundary  of  the  auroral  oval  (Fig.  11(b)).  The  ionogram  for 
this  measurement  (Fig.  12)  shows  well-defined  E  and  F2  layer  traces  and  no  evidence  of  an  FI  layer 
trace.  Figure  21  shows  an  example  of  the  scattering  function  for  the  1F2  return  for  Experiment  27  at 
a  frequency  of  2.8  MHz  (a  feature  of  this  scattering  function,  labeled  spurious  on  the  figure,  is  an 
artifact  of  the  hardware).  The  scattering  function  is  comparable  to  that  which  would  be  observed  on  a 
quiet,  daytime,  midlatitude  channel.  Calculated  values  of  all  parameters  for  this  frequency  are  shown 
on  the  plot.  The  measured  delay  and  Doppler-spreads  for  2.8  MHz  are  negligible  and  of  the  order 
of  the  measurement  resolution.  At  frequencies  closer  to  the  layer  critical  frequency,  delay  dispersion 
increases,  leading  to  larger  values  of  delay-spread  and  smaller  values  of  signal  amplitude.  Signal 
characteristics  for  this  experiment,  averaged  over  all  frequencies,  are  summarized  in  Table  2  at  the 
end  of  Section  4. 

4.2.2  Magnetically  Disturbed  Daytime  Conditions 

Measurements  involving  disturbed  daytime  conditions  include  those  described  in  Sections  4.1.2 
and  4.1.8.  Of  these  two  cases,  the  best  data  were  obtained  for  the  measurements  of  15  May  1988, 
which  are  briefly  discussed  in  Section  4.1.8.  As  shown  in  Fig.  17(a),  the  magnetic  perturbation  was 
an  isolated  one  of  roughly  90  minutes  duration  occurring  in  the  late  afternoon.  The  measurements 
of  primary  interest  to  this  case  are  those  of  Experiments  46  and  47  and  subsequent  experiments  (48 
to  50),  which  describe  post-perturbation  conditions.  A  discussion  of  these  events  can  also  be  found 
in  an  lEE  Conference  Proceedings  publication  (Wagner  and  Goldstein  1991). 

As  mentioned  in  Section  4.1.8,  results  for  Experiment  46  indicate  a  normal  daytime  ionogram 
for  the  pre-perturbation  period  (Fig.  18(a)).  During  the  subsequent  probing  period  of  Experiment 
46,  signal  was  visible  for  the  first  5  minutes  but  was  followed  by  a  period  of  "radio  blackout"  that 
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Fig.  21  — -  F  layer  scattering  function  for  magnetically  quiet  daytime  conditions,  Experiment  27, 
12  May  1988,  frequency  =  2.8  MHz,  delay  origin  =  1.735  ms 
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persisted  for  the  remainder  of  the  measurement  period.  Unfortunately,  the  magnetic  perturbation  was 
unexpected  and  the  data  sampling  rate  used  in  Experiment  46  was  too  slow  for  the  rapid  signal 
fluctuation  rate  that  was  encountered.  Spectral  aliassing  made  an  accurate  estimate  of  the  spread 
parameters  for  the  period  prior  to  the  absorption  event  impossible.  Nevertheless,  the  rapid  fade  rate 
was  a  good  indication  that  spread  F  was  very  likely  to  be  present. 

The  measurements  of  Experiment  47  coincided  with  the  decay  phase  of  the  magnetic 
perturbation  (Fig.  17(a)).  The  absorption  effects  noted  in  Experiment  46  had  subsided,  revealing  a 
strongly  scattered  signal  as  indicated  by  the  severe  spread  F  ionogram  of  Fig.  18(b).  It  is  conjectured 
that  were  it  not  for  the  absorption  event  and  the  inadequate  sampling  rate  of  Experiment  46,  similar 
effects  would  have  been  observed  in  that  measurement. 

Scattering  functions  for  Experiment  47  revealed  extensive  delay-  and  Doppler-spreads.  Figure 
22  shows  an  example  of  an  F  layer  scattering  function  for  the  channel  at  a  frequency  of  3.8  MHz  in 
the  form  of  a  contour  plot  of  signal  amplitude,  in  dB,  relative  to  the  peak  value  of  the  scattering 
function  (plotted  contour  levels  are  listed  alongside  the  plot).  For  each  feature  in  this  plot  (and  for 
all  succeeding  contour  plots),  the  value  of  the  outermost  contour  is  equal  to  the  lowest  listed  contour 
level.  It  is  clear  from  the  figure  that  the  signal  has  been  extensively  spread  in  delay  and  in  Doppler  as 
a  result  of  propagation  via  the  ionospheric  channel.  In  fact,  the  Doppler  window  for  this  case  (±8  Hz) 
is  seen  to  be  not  quite  wide  enough  to  fully  accommodate  the  Doppler-spread  of  the  signal  without 
aliassing.  Calculated  values  for  the  scattering  function  peak  amplitude,  the  delay-  and  Doppler- 
spreads,  and  the  spread  factor  at  this  frequency  are  shown  on  the  figure.  Table  2  presents  an  average 
of  these  parameters  over  all  frequencies.  Note  that  the  estimate  of  the  Doppler- spread  for  this  case  is 
probably  lower  than  its  true  value  because  of  aliassing. 


Channel  Spread  Parameters 


33 


PEAK  AMPLITUDE  =  33  dB 
2a  DOPPLER-SPREAD  =  7  Hz 
2a  DELAY-SPREAD  =  1133  |is 
SPREAD  FACTOR  =  8  E-3 

DELAY 

(|XS) 


0 


-8.0  0  8.0 


DOPPLER  FREQUENCY  (Hz) 


Fig.  22  —  F  layer  scattering  function  for  magnetically  disturbed  daytime  conditions,  Experiment  47, 
14  May  1988,  frequency  =  3.8  MHz,  delay  origin  =  1.79  ms 


Experiments  48  to  50,  all  of  which  were  post-perturbation  measurements,  show  evidence  of  an 
irregular  ionosphere  in  the  form  of  range-spread  spread  F  ionograms  (e.g..  Fig.  18(c)).  They  differ 
from  Experiment  47,  however,  in  that  the  delay-spread  of  their  ionograms  is  not  as  severe  as  that  of 
Experiment  47,  except  near  the  F  layer  critical  frequency.  Furthermore,  signal  amplitude  is 
substantially  larger  and  Doppler-spreads  are  substantially  smaller  than  for  Experiment  47.  This  is 
clearly  illustrated  by  comparing  a  scattering  function  for  Experiment  48  (Fig.  23)  with  that  of 
Experiment  47  (Fig.  22).  Figure  23  is  a  scattering  function  for  a  frequency  of  3.3  MHz  showing 
what  appears  to  be  a  slant  sporadic  E  return  (early  feature)  and  a  1F2  return  (later  feature).  Derived 
values  of  all  channel  parameters  for  the  F2  layer  return  at  this  frequency  are  indicated  on  the  figure. 
Values  of  the  peak  signal  amplitude  and  the  spread  parameters,  averaged  over  all  frequencies  and 
measurement  repetitions,  are  presented  in  Table  2. 

4.2,3  Magnetically  Quiet  Nighttime  Conditions 

Magnetically  quiet  nighttime  conditions  were  encountered  on  only  one  occasion  during  this 
measurement  series.  The  measurements  of  13  May  1988,  involving  Experiments  30  to  38,  were 
conducted  on  a  night  when  magnetic  conditions  were  quiet  at  the  start  of  the  measurements  but 
deteriorated  midway  through  the  measurement  series  as  discussed  in  Section  4.1.6.  Magnetically 
quiet  conditions  prevailed  during  Experiments  30  to  33.  This  section  examines  signal  amplitude  and 
spread  characteristics  for  Experiments  31  and  33. 
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Fig.  23  —  Scattering  function  for  post-perturbation,  daytime  conditions,  Experiment  48, 
14  May  1988,  frequency  =  3.3  MHz,  delay  origin  =  0.852  ms 


Start  times  for  Experiments  31  and  33  were  separated  by  two  hours  (2145  and  2345  COLT),  with 
the  result  that  the  midpath  point  for  Experiment  31  was  subauroral  (by  about  2°  of  latitude)  while 
that  of  Experiment  33  was  on  the  trough-auroral  boundary  (Fig.  13(b)).  These  differences  iri 
location  appear  to  have  contributed  to  differences  in  the  nature  of  the  propagation  conditions.  In 
Experiment  31,  the  ionogram  (Fig.  14(a))  indicates  the  presence  of  a  normal  looking  overhead  trace, 
which  becomes  somewhat  irregular  at  frequencies  near  the  F  layer  critical  frequency,  plus  a  delayed 
return  that  can  reasonably  be  attributed  to  "side"  reflection  from  irregularities  at  or  near  the  southern 
boundary  of  the  auroral  region.  The  ionogram  (Fig.  14(b))  for  Experiment  33,  on  the  other  hand,  is 
a  classic  range-spread  spread  F  ionogram. 

Figure  24  shows  a  contour  plot  of  a  scattering  function  for  Experiment  31  at  a  frequency  of  3.3 
MHz.  The  scattering  function  shows  the  presence  of  two  separate  returns,  one  for  the  overhead 
reflection  and  another  for  the  oblique  reflection  from  an  irregularity  region  situated  in  the  vicinity  of 
the  oval-trough  boundary.  Values  of  peak  signal  amplitude  and  spread  parameters  for  this  case  are 
shown  on  the  figure.  They  indicate  that  the  signal  amplitude  is  strong  enough  to  be  construed  as  a 
reflected  signal  but  that  the  spread  parameters  are  sufficiently  large  that  they  indicate  a  multipath- 
reflected  signal  rather  than  a  simply-reflected  signal.  It  should  be  noted  that  the  presence  of  the  two 
separate  returns  tends  to  increase  the  measured  2o  values  of  the  spread  parameters. 
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Fig.  24  —  F  layer  scattering  function  for  magnetically  quiet  nighttime  conditions,  Experiment  31, 
13  May  1988,  frequency  =  3.3  MHz,  delay  origin  =  1.748  ms 


Figure  25  shows  a  scattering  function  for  the  case  of  Experiment  33  at  a  frequency  of 
3.3  MHz.  The  signal  amplitude  for  Experiment  33  tends  to  be  somewhat  smaller  than  for 
Experiment  31  but  the  spread  parameters  are  comparable.  Parameters  for  this  scattering  function  are 
shown  on  the  figure. 

Table  2  includes  averages  over  all  frequencies  and  measurement  repetitions  of  signal  amplitude 
and  spread  parameters  for  Experiments  31  and  33. 

4.2.4  Magnetically  Disturbed  Nighttime  Conditions 

Measurements  involving  disturbed  nighttime  conditions  include  those  described  in  Sections  4.1.3 
and  4.1.9.  The  measurements  described  in  Section  4.1.3  consist  of  postmidnight  and  early  morning 
measurement  times,  where  only  the  postmidnight  measurements  would  have  been  relevant  to  the 
present  discussion.  These  were  of  little  value,  however,  because  of  strong  absorption  and  blanketing 
sporadic  E  conditions  that  prevailed  during  that  entire  period. 

The  measurements  described  in  Section  4.1.9  pertain  to  a  period  during  which  the  propagation 
path  was  located  within  a  longitudinal  sector  centered  on  CGLT  midnight  and  at  the  latitude  of  the 
oval-trough  boundary  (Fig.  19(b)).  Furthermore,  these  measurements  coincided  with  a  period  of 
strongly  disturbed  magnetic  conditions  (Fig.  19(a)).  In  spite  of  intermittent  periods  of  strong 
radiowave  absorption  and  blanketing  sporadic  E,  these  measurements  included  extended  periods 
during  which  F  layer  returns  were  visible.  This  section  discusses  F  layer  signal  characteristics 
obtained  during  these  periods,  particularly  those  derived  from  Experiments  53  and  56. 
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Fig.  25  —  F  layer  scattering  function  for  magnetically  quiet  nighttime  conditions,  Experiment  33, 
13  May  1988,  frequency  =  3.3  MHz,  delay  origin  =  1.972  ms 


The  start  of  Experiment  53  coincided  with  a  period  of  relative  magnetic  calm  approximately  15 
minutes  before  the  magnetic  storm  main-phase  negative  perturbation.  The  measurements  continued 
through  the  early  part  of  the  main-phase  perturbation.  The  ionogram  made  just  prior  to  the  start  of 
the  experiment  (Fig.  20(b))  showed  strong  evidence  of  a  range-spread  Es  return  with  a  blanketing 
frequency  of  approximately  3  MHz.  Above  the  blanketing  frequency,  a  weak,  diffuse,  range-spread 
F  layer  return  was  visible.  A  scattering  function  for  a  frequency  of  4.2  MHz  made  during  the  early 
part  of  the  storm  main  phase  is  shown  in  Fig.  26  along  with  signal  characteristics  derived  from  the 
scattering  function.  The  results  indicate  substantial  delay-  and  Doppler- spread  as  well  as  a  weak 
signal  amplitude  as  might  have  been  inferred  from  the  ionogram.  Table  2  includes  an  average  of  the 
channel  parameter  values,  taking  account  of  all  frequencies  used  and  all  measurement  repetitions. 

Experiment  56  was  conducted  after  the  main-phase  perturbation  but  at  the  start  of  a  second  steep 
decline  in  the  value  of  the  H  component  of  the  magnetic  field  perturbation.  The  ionogram 
describing  conditions  during  Experiment  56  (Fig.  20(c))  shows  evidence  of  a  sporadic  E  return  up  to 
a  frequency  of  approximately  2.5  MHz,  and  a  diffuse  spread  F  return  consisting  primarily  of  weak 
scatter  returns  with  some  embedded  reflected  returns.  Figure  27  shows  an  example  of  a  scattering 
function  at  a  frequency  of  4.2  MHz  along  with  channel  characteristics  derived  from  the  scattering 
function.  The  signal  amplitude  and  delay-spread  derived  in  this  case  are  comparable  to  those  derived 
for  the  case  of  Experiment  53  (Fig.  26),  but  the  Doppler-spread  is  larger  by  about  a  factor  of  2. 
Table  2  presents  average  values  for  the  amplitude  and  spread  parameters. 
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Fig.  26  —  One-hop  F  layer  scattering  function  for  magnetically  disturbed  nighttime  conditions. 
Experiment  53,  16  May  1988,  frequency  =  4.2  MHz,  delay  origin  =  2.996  ms 


Contours 

-5  dB  2240 

-10  dB 

-15  dB  1920 

-20  dB 

1600 

DELAY 

(ns)  1280 

PEAK  AMPLITUDE  =  45.5  dB 
2a  DOPPLER-SPREAD  =  15.8  Hz 

640 

2a  DELAY-SPREAD  =  744  ns 

320 

SPREAD  FACTOR  =  1.1  E-2 

0 

-32.0  0  32.0 


DOPPLER  FREQUENCY  (Hz) 

Fig.  27  —  One-hop  F  layer  scattering  function  for  magnetically  disturbed  nighttime  conditions. 
Experiment  56,  16  May  1988,  frequency  =  4.2  MHz,  delay  origin  =  2.740  ms 
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Table  2  —  Average  Characteristics  for  the  NVIS  Channel 


Channel  Condition 

Exp. 

Amolitude 

Delay  Spread 

Spread 

No. 

(dB) 

(Hz) 

(Fs) 

Factor 

Magnetically  Quiet  -  Daytime  (subauroral) 

27 

52 

0.09 

80 

7.7  E-6 

Magnetically  Perturbed  -  Daytime  (subauroral) 

47 

44 

6.2 

812 

5.5  E-3 

Post-Perturbation  -  Daytime  (subauroral) 

48 

62 

0.6 

545 

4.6  E-4 

Magnetically  Quiet  -  Nighttime  (subauroral) 

31 

57 

1.6 

583 

1.0  E-3 

Magnetically  Quiet  -  Nighttime  (auroral) 

33 

47 

0.65 

840 

5.7  E-4 

Magnetically  Disturbed  -  Nighttime  (auroral) 

53 

38.6 

7.6 

1159 

9.2  E-3 

Magnetically  Disturbed  -  Nighttime  (auroral) 

56 

42.2 

12.6 

571 

7.5  E-3 

5.  DISCUSSION 

The  results  listed  in  Table  2  cover  a  wide  range  of  ambient  conditions  from  magnetically  quiet 
daytime  conditions  to  magnetically  disturbed  nighttime  conditions.  The  channel  characteristics 
observed  for  Experiment  27  (magnetically  quiet  daytime  conditions)  represent  the  best  propagation 
conditions  observed  during  the  entire  series  of  measurements.  They  therefore  serve  as  a  benchmark 
by  which  to  judge  the  impact  of  changed  conditions  as  represented  by  the  other  cases  listed  in  Table 
2.  It  should  be  stressed,  however,  that  the  measured  values  of  Doppler-spread  and  spread  factor  for 
Experiment  27  are  upper  bounds  rather  than  accurate  estimates  of  these  parameters.  This  is  because 
the  measurement  of  Doppler-spread,  in  that  case,  was  limited  by  the  measurement  resolution  of  the 
instrument. 

Magnetically  disturbed  conditions  yield  comparable  values  of  signal  amplitude  and  spread 
parameters  regardless  of  time  of  day.  This  is  illustrated  in  Table  2  for  Experiments  47,  53,  and  56. 
In  all  three  cases,  the  spread  parameters  are  within  a  factor  of  two  of  one  another,  and  are  two  or  three 
orders  of  magnitude  greater  than  the  corresponding  parameters  for  the  magnetically  quiet  daytime 
case  (Experiment  27).  Signal  amplitudes  for  these  three  cases  are  also  substantially  smaller  than  that 
obtained  for  the  benchmark  case.  The  difference  would  be  even  more  marked  were  it  not  for  the 
amplitude  reduction  caused  by  enhanced  delay  dispersion  in  Experiment  27.  This  effect  is  readily 
observed  in  Fig.  29(a)  in  Section  5.2. 

The  three  remaining  cases  (i.e.,  the  daytime  post-perturbation  case  (Experiment  48),  the 
nighttime  subauroral  case  (Experiment  31),  and  the  nighttime  auroral  case  (Experiment  33)  yield 
values  for  the  spread  parameters  that  are  very  close  to  one  another.  These  measurements  were 
characterized  by  magnetically  quiet  conditions  and,  in  the  cases  of  Experiments  33  and  48,  by  range- 
spread  spread  F  ionograms.  Comparison  of  these  three  cases  with  the  magnetically  disturbed  cases 
(Experiments  47,  53,  and  56)  reveals  comparable  values  of  delay-spread,  but  Doppler-spreads  and 
spread  factors  that  are  approximately  an  order  of  magnitude  smaller.  A  similar  comparison  with 
results  for  the  benchmark  case  (Experiment  27)  indicates  that  the  delay  and  Doppler-spreads  for 
Experiments  31,  33,  and  48  are  roughly  an  order  of  magnitude  larger  than  those  of  the  benchmark 
case,  and  their  spread  factors  are  approximately  two  orders  of  magnitude  larger. 

Finally,  the  signal  amplitude  for  the  magnetically  quiet,  nighttime,  subauroral  case  (Experiment 
31)  is  comparable  with  that  of  the  daytime  magnetically  quiet  cases  (Experiments  27  and  48),  while 
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the  magnetically  quiet,  nighttime,  auroral  path  (Experiment  33)  yields  signal  amplitudes  that  are 
comparable  with  those  obtained  during  magnetically  disturbed  periods.  This  suggests  that  scattering 
rather  than  reflection  of  incident  signals  occurs  at  all  times  in  the  auroral  region  but  only  during 
magnetically  disturbed  times  at  subauroral  locations.  The  major  difference  in  channel  characteristics 
between  the  magnetically  quiet  and  magnetically  disturbed  auroral  regions  is  in  the  width  of  the 
Doppler-spread,  which  is  significantly  greater  during  disturbed  periods.  This  difference  is  probably 
caused  by  an  increased  plasma  drift  velocity  during  magnetically  disturbed  periods. 

The  detailed  effects  of  changes  in  magnetic  conditions  and  of  path  location  relative  to  the  auroral 
oval  can  be  better  appreciated  by  graphical  means  as  shown  in  the  scatter  plots  of  Figs.  28,  29,  and 
30.  In  each  of  these  figures,  peak  signal  amplitude  in  dB  is  plotted  against  the  2a  Doppler-spread 
(Fig.  28),  the  2a  delay-spread  (Fig.  29),  and  the  spread  factor  (Fig.  30).  Each  figure  consists  of  two 
separate  graphs,  one  for  daytime  measurements  and  the  other  for  nighttime  measurements.  In  each 
graph,  the  measurement  points  are  represented  by  markers  that  identify  the  specific  experiment  or 
measurement  group  and  each  measurement  group  is  appropriately  labeled  according  to  magnetic 
conditions  and  location  of  the  propagation  path  relative  to  the  auroral  oval. 

5.1  Scatter  Plot  of  Peak  Signal  Amplitude  vs  2a  Doppler-spread 

The  graphs  of  peak  signal  amplitude  vs  Doppler-spread  (Fig.  28)  support  the  conclusions  derived 
from  Table  2  but,  in  addition,  show  the  scatter  of  the  measured  values.  The  merit  of  this  form  of 
presentation  is  that  it  graphically  illustrates  the  spatial  grouping  of  the  different  measurement  sets  on 
the  amplitude — Doppler-spread  plane.  The  measurements  of  Experiment  27  (Fig.  28(a)),  which 
correspond  to  reflection  from  an  undisturbed  daytime  ionosphere,  occupy  a  region  of  the  graph 
corresponding  to  strong  signals  with  very  small  Doppler-spreads.  By  contrast,  the  measurements  of 
Experiment  47,  corresponding  to  magnetically  disturbed,  daytime,  subauroral  conditions,  are  seen  to 
occupy  a  region  of  small  amplitudes  and  large  Doppler-spreads.  Their  amplitudes  are  on  the  order 
of  10  to  15  dB  smaller  than  those  of  Experiment  27  and  their  Doppler-spreads  are  approximately  two 
orders  of  magnitude  greater.  Judging  from  their  smaller  amplitudes  and  wider  Doppler-spreads,  we 
surmise  that  these  are  primarily  scattered  signals  from  an  irregular  ionosphere.  The  third  signal 
group  in  Fig.  28(a)  represents  the  results  of  Experiment  48,  the  post-perturbation,  subauroral, 
daytime  measurements.  The  signals  in  this  group  are  characterized  by  large  signal  amplitudes  and 
moderate  Doppler-spreads.  The  ionogram  for  this  experiment  (Fig.  18(c))  has  the  characteristics  of  a 
classic  range-spread  spread  F  ionogram.  The  measured  peak  signal  amplitudes  for  Experiment  48 
are  on  the  order  of  20  dB  higher  than  those  of  Experiment  47,  but  their  Doppler-spreads  are  roughly 
an  order  of  magnitude  smaller.  In  comparison  with  the  measurements  of  Experiment  27,  those  of 
Experiment  48  indicate  a  somewhat  larger  amplitude  and  a  Doppler-spread  that  is  roughly  an  order 
of  magnitude  larger.  The  interpretation  of  the  measurements  of  Experiment  48  is  that  they 
correspond  to  multipath  reflection  from  a  strong  but  irregular  ionospheric  medium  in  which  the  drift 
(and  turbulent)  velocities  are  smaller  than  during  magnetically  disturbed  periods. 

A  small  subgroup  of  the  measured  points  of  Experiment  47  have  amplitudes  approaching  those 
of  Experiment  27  and  are  responsible  for  raising  its  average  signal  level  in  Table  2.  These  points 
refer  to  signals  received  on  a  single  frequency  (2.8  MHz)  that  are  most  likely  multipath-reflected 
signals.  Their  amplitudes  put  them  in  the  class  of  reflected  signals,  but  their  large  Doppler-spreads 
imply  reflection  from  an  irregular  medium  under  conditions  of  magnetic  disturbance.  As  seen  in 
Section  5.2,  their  delay-spreads  are  consistent  with  those  of  signals  for  Experiment  48,  which  supports 
their  identification  as  multipath  reflections. 
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The  nighttime  measurements  of  Fig.  28(b)  consist  of  Experiments  31  and  33  for  quiet  magnetic 
conditions  (Fig.  13(a))  and  Experiments  53  and  56  for  disturbed  magnetic  conditions  (Fig.  19(a)). 
Conditions  during  Experiments  31  and  33  differed  in  that  the  propagation  path  during  Experiment 
31  was  subauroral  while  that  for  Experiment  33  lay  on  the  oval-trough  boundary.  The  result  of  the 
different  propagation  path  locations  appears  to  be  a  roughly  10  dB  difference  in  signal  level  with  the 
higher  level  obtained  on  the  subauroral  path.  Their  Doppler-spreads  are  within  a  factor  of  two  of  one 
another  and  are  consistent  with  those  obtained  during  the  daytime,  post-perturbation  measurements 
of  Experiment  48.  Their  amplitude  differences  can  be  explained  in  terms  of  a  multipath-reflection 
process  for  Experiment  31  and  a  scattering  process  for  Experiment  33.  The  larger  value  of  Doppler- 
spread  for  Experiment  31  (approximately  a  factor  of  2)  is  attributed  to  the  fact  that  its  signal  consists 
of  two  distinct  returns  that  differ  in  mean  Doppler  shift  by  approximately  4  Hz  (Fig.  24). 

The  measurement  points  corresponding  to  magnetically  disturbed,  nighttime,  auroral  conditions 
(Experiments  53  and  56)  occupy  a  region  on  Fig.  28(b)  that  is  comparable  to  that  of  Experiment  47, 
their  daytime  subauroral  counterpart,  on  Fig.  28(a).  The  Doppler-spread  of  these  measurements  is 
roughly  an  order  of  magnitude  larger  than  those  of  the  quiet  nighttime  measurements.  Their  peak 
signal  amplitude  values  are  roughly  equivalent  to  those  of  Experiment  33,  the  magnetically  quiet, 
nighttime,  auroral  measurements,  and  approximately  15  to  20  dB  smaller  than  those  of  Experiment 
31,  the  magnetically  quiet,  nighttime,  subauroral  measurements. 

5.2  Scatter  Plot  of  Peak  Signal  Amplitude  vs  2o  Delay-spread 

For  simply-reflecting  channels,  delay-spread  is  predominantly  influenced  by  the  normal 
dispersive  effects  of  the  ionospheric  medium,  while  for  scatter  channels,  delay-spread  is  frequently 
more  strongly  influenced  by  the  spatial  dispersion  of  the  scatterers.  For  these  reasons,  delay-spread 
does  not  appear  to  be  simply  related  to  the  degree  of  ionospheric  disturbance,  as  was  the  case  with  the 
Doppler-spread.  This  difference  is  reflected  in  the  absence  of  a  clear  separation  in  Fig.  29  of  the 
different  signal  groups  representing  signal  amplitude  vs  delay-spread. 

The  effect  of  normal  ionospheric  dispersion  is  clearly  illustrated  in  Fig.  29(a),  where  the  simply- 
reflected,  daytime  signal  (Experiment  27)  shows  a  roughly  uniform  dispersion  of  delay-spread  over 
approximately  two  orders  of  magnitude  (note  the  diminution  of  signal  amplitude  with  increasing 
delay-spread).  Daytime  multipath  channels,  which  are  subject  to  the  effects  of  both  a  distributed 
reflecting  medium  and  of  normal  ionospheric  dispersion,  manifest  both  influences.  Thus,  the  points 
representing  Experiment  48  in  Fig.  29(a)  are  tightly  bunched  into  two  distinct  groups  of  points.  The 
group  with  the  smaller  average  delay-spread  is  representative  of  frequencies  that  are  well  below  the  F 
layer  critical  frequency  (see  Fig.  18(c)).  The  primary  contribution  to  the  delay  dispersion  at  these 
frequencies  is  the  spatial  distribution  of  the  reflectors,  with  the  result  that  the  minimum  delay-spread 
of  this  group  is  more  than  an  order  of  magnitude  greater  than  that  of  the  simply-reflected  signals  of 
Experiment  27.  The  second  group  of  points,  corresponding  to  frequencies  at  or  near  the  F  layer 
critical  frequency,  are  significantly  affected  by  the  large  dispersive  effects  at  or  near  that  layer  as  well 
as  by  the  spread  due  to  the  spatial  distribution  of  reflectors.  As  a  result,  the  mean  delay-spread  for 
these  points  is  larger,  by  roughly  an  order  of  magnitude,  than  that  of  the  first  group  of  points. 
Finally,  the  scatter  signals  of  Experiment  47  are  reasonably  tightly  grouped  except  for  a  small  group 
of  signals  whose  amplitudes  and  delay-spreads  tend  towards  those  of  Experiment  48.  This  group  of 
points  consists  of  signals  whose  frequencies  are  well  below  the  F  layer  critical  frequency  and  contain. 
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Fig.  28  —  Scatter  plot  of  peak  signal  amplitude  vs  2a  Doppler-spread 
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or  are  dominated  by,  multipath  reflections  as  described  in  Section  5.1.  The  presence  of  the  multipath 
reflections  among  the  scattered  signals  causes  their  amplitude  and  delay-spread  characteristics  to 
approach  those  of  the  purely  multipath  returns  of  Experiment  48. 

The  delay-spread  behavior  of  the  nighttime  signals  also  differs  depending  on  the  degree  of 
magnetic  disturbance  and  the  location  of  the  path  midpoint  relative  to  the  auroral  oval.  Oval 
measurements  made  during  magnetically  disturbed  periods  tend  to  be  tightly  grouped,  as  can  be  seen 
in  Fig.  29(b)  (Experiments  53  and  56),  while  those  made  during  magnetically  quiet  conditions  are 
split  into  two  groups  (Experiment  33).  Of  the  two  measurement  groups  in  Experiment  33,  one  group 
exhibits  smaller  delay-spreads  than  does  the  magnetically  disturbed  cases,  while  the  second  group 
exhibits  delay-spreads  comparable  to  those  of  the  magnetically  disturbed  cases.  The  behavior  of 
delay-spread  for  Experiment  33  is  very  similar  to  that  of  Experiment  48,  the  post-perturbation 
daytime  measurement.  The  property  that  these  two  cases  have  in  common,  which  contributes  to  the 
similarity  in  the  distribution  of  their  measured  delay-spreads,  is  the  range-spread  character  of  their  F 
layer  ionogram  traces.  In  each  case,  the  slope  of  the  range-spread  trace  is  small  and  constant  for 
most  frequencies,  but  steepens  sharply  as  the  frequency  approaches  the  layer  critical.  The  steepening 
of  the  slope  of  the  ionogram  trace  results  in  enhanced  delay  dispersion  for  frequencies  near  the  layer 
critical  frequency. 

The  nighttime,  subauroral  measurements  during  quiet  magnetic  conditions  (Experiment  31)  tend 
to  be  dispersed  uniformly  over  an  extended  interval,  in  a  manner  similar  to  that  of  Experiment  27, 
implying  that  ionospheric  dispersion  is  a  controlling  factor.  The  delay-spreads,  however,  are  much 
larger  than  for  Experiment  27,  which  is  most  likely  associated  with  the  presence  of  the  delayed 
sidescatter  signal  in  the  case  of  Experiment  31. 

5.3  Scatter  Plot  of  Peak  Signal  Amplitude  vs  Spread  Factor 

Spread  factor  is  a  fundamental  parameter  for  characterizing  the  distortion  properties  of  a 
communication  channel.  As  previously  indicated,  it  is  defined  as  the  product  of  the  2a  delay-spread 
with  the  2a  Doppler-spread,  and  as  such  it  incorporates  both  the  bandwidth  coherence  and  the  time 
coherence  properties  of  the  channel.  For  these  reasons,  it  is  important  to  characterize  the 
measurements  on  the  high-latitude  NVIS  channel  in  terms  of  this  parameter.  Figure  30  is  a  scatter 
plot  of  peak  signal  amplitude  vs  spread  factor.  Because  of  its  dependence  on  delay-  and  Doppler- 
spread,  the  graph  of  Fig.  30  has  properties  that  are  a  combination  of  those  of  Figs.  28  and  29.  The 
most  important  features  retained  by  Fig.  30  are  (1)  that  spatial  separation  of  measured  signal  points  is 
maintained  for  the  various  groups  examined  in  this  case,  (2)  that  the  range  of  the  spread  factors  is 
approximately  five  orders  of  magnitude  (lO''^  to  lO'^)  from  the  best  to  the  worst  channel  conditions, 
and  (3)  that  the  range  of  signal  amplitudes  is  on  the  order  of  45  dB  from  the  weakest  scatter  signal  to 
the  strongest  reflected  signal. 

6.  SUMMARY  AND  CONCLUSIONS 

Propagation  mechanisms  supported  by  high-latitude  channels  include  simple  reflection  from  a 
smooth,  laminar  ionosphere,  and  multipath-reflection,  scattering,  or  a  combination  of  the  two  from  an 
irregular  ionosphere.  High-latitude  channels  supporting  simply-reflected  signals  have  characteristics 
(amplitude,  delay-  and  Doppler-spreads)  that  are  comparable  with  those  observed  on  a  quiescent 
midlatitude  channel.  Channels  supporting  multipath-reflection  mechanisms  typically  have  peak 
signal  amplitudes  that  are  comparable  with  those  of  the  simple  reflection  channels  but  have  delay- 
and  Doppler-spreads  that  are  approximately  an  order  of  magnitude  larger.  Scatter  channels  have 
amplitudes  that  are,  on  average,  two  orders  of  magnitude  smaller  than  those  reflected  signal  channels 
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Fig.  30  —  Scatter  plot  of  peak  signal  amplitude  vs  spread  factor 
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(simple  or  multipath-reflection)  and  delay-  and  Doppler-spreads  that  are  approximately  two  orders  of 
magnitude  larger  than  those  of  simple  reflection  channels. 

Results  from  this  series  of  NVIS  HF  propagation  experiments  show  that  conditions  on  the  high- 
latitude  channel  can  vary  widely  depending  on  the  degree  of  magnetic  disturbance  and  on  the 
location  of  the  propagation  path  relative  to  the  auroral  oval.  The  following  observations  have  been 
made: 

1.  Magnetically  quiet,  subauroral  paths  generally  encounter  quiescent  ionospheric  conditions  and 
a  simple  reflection  channel  as  in  the  case  of  the  daytime  measurements  of  Experiment  27  in 
this  report.  If,  however,  the  path  comes  in  close  proximity  with  the  nighttime  auroral  oval,  as 
in  the  case  of  Experiment  31,  then  effects  due  to  irregularities  in  the  overhead  ionosphere  or 
the  adjacent  oval  region  may  be  observed  in  spite  of  the  absence  of  magnetic  activity.  The 
presence  of  irregularities  in  the  medium  results  in  a  channel  whose  characteristics  resemble 
those  of  a  multipath-reflection  channel. 

2.  An  isolated  magnetic  disturbance  on  a  daytime,  subauroral  path  can  lead  to  irregular 
conditions  in  the  overhead  ionosphere  causing  radio  blackout,  as  in  the  case  of  Experiment  46, 
and  severe  spread  F  and  a  scatter  channel,  as  in  the  case  of  Experiment  47.  Post-perturbation 
effects  involving  range-spread  spread  F  and  a  multipath  reflection  channel  may  persist  for 
several  hours  after  the  magnetic  perturbation,  as  in  the  case  of  Experiments  48  to  50. 

3.  Auroral  path  measurements  in  this  series  of  experiments  invariably  encountered  irregular 
ionospheric  conditions  (scatter  channels)  independent  of  the  degree  of  magnetic  disturbance 
(e  g..  Experiments  33,  53,  and  56).  The  major  difference  noted  in  channel  characteristics 
between  magnetically  quiet  and  magnetically  disturbed  auroral  conditions  was  in  the  extent  of 
the  Doppler-spread,  which  was  approximately  an  order  of  magnitude  larger  for  the 
magnetically  disturbed  case. 

4.  Scatter  channels  observed  on  subauroral  paths  during  magnetically  disturbed  daytime 
conditions  exhibited  the  same  amplitude  and  delay-  and  Doppler-spread  characteristics  as  were 
observed  for  scatter  channels  on  magnetically  disturbed  auroral  paths. 

5.  For  paths  that  traverse  the  ionospheric  D  layer  within  the  region  of  the  diffuse  aurora,  such  as 
the  NVIS  path  discussed  in  this  report,  strong  magnetic  activity  (K  >  3)  is  usually  accompanied 
by  periods  of  radio  blackout. 

Results  consistent  with  these  were  observed  on  a  1300  km  high-latitude  path  between 
Sondrestrom,  Greenland  and  Keflavik,  Iceland  (Wagner  et  al.  1993;  Wagner  et  al.  1995).  The 
midpoint  of  the  Greenland-Iceland  propagation  path  was  at  a  corrected  geomagnetic  latitude  of  72° 
as  contrasted  with  a  CGL  of  65°  for  the  current  path.  Because  of  its  higher  latitude  location,  the 
Greenland-Iceland  path  was  within  the  auroral  oval  for  a  larger  fraction  of  each  day,  but  never 
traversed  the  diffuse  auroral  region. 
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Appendix 

DESCRIPTION  OF  THE  NRL  CHANNEL  PROBE 


The  NRL  HF  Channel  Probe  is  a  wideband,  bistatic,  time  domain  channel  sounder  developed  at 
NRL  for  the  purpose  of  investigating  the  wideband  properties  of  the  HF  skywave  channel  at  a  signal 
bandwidth  of  1  MHz.  A  certain  amount  of  bandwidth  flexibility  was  built  into  the  probe  design  to 
broaden  the  range  of  applications  for  which  it  would  be  suited.  Over  time,  the  operational  properties 
of  the  probe  were  extended  to  allow  greater  flexibility  in  how  data  could  be  collected. 

The  basic  probe  measurement  is  a  complex  pulse  response  of  the  radio  channel.  The 
measurement  is  done  sequentially  at  a  number  of  frequencies.  System  bandwidths  available  at 
experiment  start  time  are  31.25  kHz,  125  kHz,  250  kHz,  and  1  MHz,  corresponding  to  probe 
pulsewidths  of  32  jls,  8  ps,  4  |is,  and  1  |i.s.  The  frequencies  and  system  bandwidths  are  selected  by 
the  operator  at  the  start  of  each  experiment.  The  bistatically  configured  transmitter  and  receiver  are 
programmed  to  step  through  identical  frequency  tables  synchronously.  Repeated  measurements  at 
each  frequency,  prior  to  stepping  to  the  next  frequency,  are  required  for  observing  fast  fluctuations 
of  a  received  signal.  The  sampling  interval  of  repeated  pulse  response  measurements  is  variable  and 
supports  unambiguous  Doppler  windows  ranging  between  ±0.8  and  ±2.2  Hz  in  our  standard 
operating  format  and  between  ±7.7  and  ±30.6  Hz  in  our  extended  Doppler  format. 

The  system  uses  a  spectrum  spreading  coded  modulation  at  the  transmitter  that  is  "de-spread"  at 
the  receiver  in  a  fast,  real-time  correlation-processor  to  produce  the  effect  of  a  short-pulse  sounding 
signal.  The  coded  modulation  is  a  continuously  repeated,  maximal  length,  pseudo-random  noise 
(PRN)  binary  sequence  that  biphase  modulates  the  transmitter  carrier.  Two  PRN  sequences  are 
available,  one  of  255  chips  and  a  second  of  2047  chips,  supporting  narrow  and  wideband  operation, 
respectively.  The  duration  of  the  255  chip  sequence  is  8.16  ms  corresponding  to  a  chip  rate  and 
system  bandwidth  of  31.25  kHz.  The  duration  of  the  2047  chip  sequence  is  8.188  ms  corresponding 
to  a  chip  rate  and  system  bandwidth  of  250  kHz.  A  25%  duty  factor  pulse  modulation,  superimposed 
on  the  biphase  modulated  carrier,  can  be  used  to  expand  the  basic  system  bandwidths  of  31.25  kHz 
and  250  kHz  to  125  kHz  and  1  MHz,  respectively. 

Figure  A1  is  a  block  diagram  of  the  channel  probe  instrument.  Time  synchronism  and  phase 
coherence  between  transmitter  and  receiver  are  assured  by  the  presence  of  very  stable  and  accurate 
frequency  and  time  sources  at  both  sites.  The  frequency  standard  at  the  transmitter  site  is  a  cesium 
beam  reference  oscillator,  while  that  at  the  receiver  is  a  rubidium  vapor  resonance  oscillator.  Clock 
synchronization  is  established  at  transmitter  and  receiver  sites  to  a  relative  time  accuracy  of  better 
than  10  |xs  using  either  LORAN-C,  GPS  broadcast  time,  or  a  combination  of  the  two. 

The  transmitter  signal  is  generated  from  a  phase-stable  reference,  at  a  frequency  of  39.5  MHz, 
which  is  biphase  modulated  by  the  PRN  sequence.  The  signal  is  then  optionally  pulse  modulated  to 
introduce  a  4:1  bandwidth  expansion,  amplified,  down-converted  to  the  appropriate  HF  frequency, 
filtered,  and  delivered  to  the  linear  power  amplifier  and  the  antenna.  All  oscillators  are  locked  to  the 
station  frequency-standard. 
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Fig.  A1  —  Channel  probe  block  diagram 


The  radio  receiver  is  a  phase-stable  heterodyne  receiver  with  computer  controlled  i-f  gain  and 
local  oscillators  locked  to  the  station  frequency-standard.  The  output  of  the  i-f  amplifier  is  converted 
to  in-phase  (I)  and  quadrature-phase  (Q)  baseband  video  components,  which  are  filtered,  amplified, 
and  converted  to  a  12  bit  digital  representation  of  the  received  signal(s).  The  digitized  signals  are 
then  passed  to  a  real-time  correlator  unit  for  cross-correlation  with  a  series  of  delayed  replicas  of  the 
transmitted  PRN  sequence,  thereby  producing  a  sampled  representation  of  the  channel  pulse 
response.  The  sampled  data  output  of  the  correlator  is  then  passed  to  the  system  computer  for 
further  screening,  disk  storage,  and  eventually  to  magnetic  tape  for  permanent  storage. 

The  start  of  a  measurement,  specified  to  a  resolution  of  one  minute,  is  precisely  controlled  by  an 
automatic  "clockstart"  strobe  at  each  site.  Thereafter,  experiment  synchronization  is  maintained  using 
extremely  accurate  clock  pulse  generators  to  "event-control"  the  microprocessors  at  the  two  locations. 
Frequency  tables  and  all  other  experiment  parameters  are  controlled  by  the  microprocessors  that  have 
been  preset  by  the  operator  with  identical  frequency  and  parameter  tables. 

Channel  probe  operation  is  flexible  since  the  operating  format  is  software-  or  firmware- 
controlled.  Standard  operating  procedure  usually  consists  of  an  initial  narrowband  "sounder"  run 
that  makes  a  single  pass,  in  relatively  fine  frequency  steps,  through  the  range  of  frequencies 
supported  by  the  ionosphere.  The  purpose  of  this  run  is  to  collect  data  for  an  ionogram  and  also  to 
locate  those  delay  intervals  that  are  occupied  by  the  various  propagating  ionospheric  modes.  The 
sounder  mode  is  followed  by  an  extended  period  of  probing  (prober  mode),  which  can  be 
narrowband  (255  chips)  or  wideband  (2047  chips). 

During  standard  prober  mode  operations,  repeated  pulse  response  measurements  are  made  on  a 
limited  set  of  frequencies  of  interest.  In  cases  where  interest  is  in  the  relatively  slow  ionospheric 
changes  associated  with  the  passage  of  an  acoustic  gravity  wave  or  traveling  ionospheric  disturbance 
(TID),  a  round-robin  format  is  used  in  which  a  single  pulse  response  measurement  is  made  on  each 
frequency  in  turn.  In  cases  where  one  is  interested  in  more  rapid  fluctuations,  it  is  necessary  to  dwell 
at  each  frequency  while  making  repeated  pulse  response  measurements,  prior  to  proceeding  to  the 
next  frequency. 
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In  the  set  of  prober  measurements  discussed  in  this  report,  the  narrowband  format  (255  chips; 
bandwidth  =  31.25  kHz)  was  used  predominantly.  Since  the  auroral  channel  is  generally  a  rapidly 
varying  one,  and  since  interest  was  centered  on  examining  the  scattering  function  of  the  channel,  an 
operational  format  consisting  of  extended  dwells  at  each  frequency  was  used.  The  pulse  response 
measurement  repetition  rate  (the  data  sampling  rate)  was  adjusted  according  to  the  anticipated  signal 
Doppler-spread.  The  time  interval  devoted  to  the  prober  mode  was  approximately  14  minutes  for 
each  experiment. 

The  duration  of  the  ionogram  data  collection  period  was  approximately  40  seconds.  The 
ionogram  data  collection  period  preceded  the  probing  period  by  15  minutes  to  allow  time  for 
evaluating  channel  conditions  and  for  deciding  on  the  "best"  set  of  parameters  given  the  ionospheric 
conditions.  Since  conditions  on  the  auroral  channel  can  change  violently  in  a  short  period  of  time, 
this  procedure  did  not  always  result  in  the  optimum  format  for  the  given  conditions. 


